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af-
stellingen 
"Almost all the greatest discoveries in astronomy have resulted from the consideration of what we 
have elsewhere termed RESIDUAL PHENOMENA, of a quantitative or numerical kind, that is to 
say, of such portions of the numerical or quantitative results of observation as remain outstanding and 
unaccounted for after subducting and allowing for all that would result from the strict application of 
known principles". 
J.F.W. Herschel (1849); p. 548 in: Lea and Blanchard, Outlines of Astronomy, Philadelphia 
Een groot gedeelte van de variatie in voerefficiëntie tussen leghennen wordt niet veroorzaakt door 
variatie in eiproduktie en lichaamsgewicht, maar door variatie in onderhoudsbehoefte. 
Dit proefschrift 
De onderhoudsbehoefte van leghennen vertoont verhoudingsgewijs meer genetische variatie dan de 
eiproduktie, maar wordt foktechnisch nauwelijks benut. 
Dit proefschrift 
Een groot gedeelte van de variatie in residuele voeropname tussen leghennen wordt veroorzaakt door 
variatie in activiteit. 
Dit proefschrift 
Bij de selectie van leghennen zal het meten van voeropname naast eiproduktie en lichaamsgewicht 
leiden tot een aanzienlijk snellere genetische verbetering van de voerefficiëntie; volstaan kan worden 
met voeropname-metingen na de legpiek gedurende circa 8 weken. 
Dit proefschrift 
De uitspraak van Braastad en Katle dat selectie op residuele voeropname zou leiden tot minder 
stressgevoelige kippen is voorbarig; hoewel leghennen met een lagere residuele voeropname rustiger 
zijn betekent dat nog niet dat ze minder gevoelig zijn voor stress. 
B.O. Braastad and J. Katle (1989) Br. Poultry Sei. 30:533-544 
De techniek van high-low sampling is een goed maar ondergewaardeerd voorbeeld van een simpele 
en informatieve manier om verbanden te kwantificeren tussen kenmerken die moeilijk individueel te 
meten zijn. 
E.J. Pollak, S.F. Lane and V.J. Sniffen (1984) J. Anim. Sei. 59:490-497 
Dit proefschrift 
Het quotiënt voederconversie is op statistische, economische en biologische gronden onbruikbaar. 
De bewering van Kanis dat "in the long term, genetic response from decreasing residual [feed 
consumption] is expected to be limited" wordt gelogenstraft door het feit dat in het enige 
gepubliceerde langdurige selectie-experiment na 15 generaties nog geen selectielimiet was bereikt, en 
is dan ook voorbarig. 
E. Kanis (1988); proefschrift, LU Wageningen, pg. 111 
M. Boichard, A. Bordas and P. Mérat (1990), 6th Int. Poultry Conf., Auchincruive 
9. In onderzoek op het gebied van dierfysiologie, veevoeding en veehouderij wordt variatie tussen dien 
vaak vermeden; als gevolg daarvan levert literatuuronderzoek naar de variatie van metabolise] 
kenmerken tussen dieren vaak een onderschatting op. 
10. Onderzoek op het gebied van veefokkerij moet uitstijgen boven wiskundige statistiek en moleculai 
genetica; zonder biologisch onderzoek zijn geen bruikbare conclusies mogelijk. 
11. Het werk op Zodiac zou aan efficiëntie kunnen winnen als er meer ruimte zou zijn voor het uiten v; 
emoties. 
12. De Landbouwuniversiteit beoordeelt het functioneren van haar universitair docenten niet op basis v< 
hun functioneren als docent maar als onderzoeker cq. manager; óf de naam van die functie óf d 
beoordelingscriteria moeten dan ook worden veranderd. 
13. Veefokkers leven van variatie, maar dat blijkt niet uit hun kleding. 
P. Luiting 
The value of feed consumption data for breeding in laying hens 
Wageningen, 4 juni 1991 
Voorwoord 
Het onderzoek dat in dit proefschrift wordt beschreven is onderdeel van een 
project dat door een groot aantal mensen is en wordt ondersteund. Bij het afronden 
van dit onderdeel is een woord van waardering voor deze personen op zijn plaats. 
De populatie van 704 leghennen en de bijbehorende hanen en opfokdieren 
vormt de spil van het hele project; dank zij de inspanningen van het personeel van de 
proefaccomodatie "De Haar - Pluimvee", Roel Terluin, Arie van den Dool en Aad 
Rodenburg, en in het verleden ook Aart Hutten, blijft die spil functioneren. Tijdens 
piekperioden, zoals ten tijde van KI en broederij, zijn door een groot aantal studenten, 
stagiaires en medewerkers (te veel om op te noemen) hand- en spandiensten verleend. 
De organisatie van het verzamelen van gegevens aan die hennen, en het 
beheren van die gegevens in de vorm van computerbestanden, wordt volledig geregeld 
door Egbert Urff. Egbert is een centrale figuur in dit project; zonder zijn werk zou dit 
proefschrift niet kunnen zijn geschreven. De respiratieproeven die in hoofdstuk 3 aan 
de orde komen, konden worden uitgevoerd dank zij een prettige en succesvolle 
samenwerking met Prins van der Hel, Koos van den Linden, Henk Brandsma, Marcel 
Heetkamp, Johan Schrama, Martin Verstegen, Jane-Martine Muijlaert en Huug Boer. 
De statistische analyses gaan onvermijdelijk gepaard met het gebruik van computers; 
Hendrik Klompmaker, Arnoud van der Lugt en Egbert Urff hebben mij menigmaal 
uit de brand geholpen. 
De proeven en statistische analyses die in dit proefschrift aan de orde komen 
zijn voor een belangrijk deel uitgevoerd door en met de hulp van een groot aantal 
studenten en stagiaires (ook te veel om op te noemen). 
Het schrijven van een proefschrift vergt discussie over de onderzochte materie. 
Voor dat doel heeft een commissie gefunctioneerd die door de jaren heen helaas sterk 
van samenstelling is gewijzigd; behalve de heren Politiek en Ketelaars, die 
oorspronkelijk de rol van promotor vervulden, hebben Egbert Urff, Hein van der 
Steen, Egbert Kanis, Akke van der Zijpp, Siem Korver, Gerard Albers, Pirn Brascamp 
en Martin Verstegen daarin een min of meer grote rol gespeeld. De twee 
laatstgenoemde personen hebben bovendien de taak van promotor van Politiek 
respectievelijk Ketelaars overgenomen. Daarnaast hebben vooral Pieter Knap en 
Johan Schrama op diverse deelgebieden als discussiepartner gefungeerd. 
The idea to investigate the phenomenon of residual feed consumption was 
raised during a discussion with Hans Bentsen; his ideas played a crucial role in the 
design of the project. The interest in the matter that was displayed by Dietmar Flock 
has been very important to give direction to the research. Rodney Harrington helped 
in establishing computerized data collection. 
Ella 
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General introduction 
General introduction 
In the laying sector the major part (about 60 to 70%) of the total production 
costs is made up by feed costs. Therefore, net income is primarily determined by gross 
income minus feed costs. These economic items correspond with feed consumption 
and egg mass production, but because of the direct relationship between these traits, 
the trait feed conversion (FC/EM, amount of feed consumed (FC) per unit of egg 
mass (EM)) is often used instead. 
The items FC/EM and egg mass production are responsible for an important 
part of the variation in net income between egg producers, too. In Figure 1 (from 
Vervoort, 1982), the results of a factor analysis show that 13% of the differences in 
net income between Dutch egg producers could be attributed to differences in feed 
costs: 6% was associated with differences in feed prices (especially differences in 
contracts) and the remaining 7% with differences in feed consumption (especially with 
differences in origins of hens, i.e. breeding companies). As the data were corrected for 
differences in egg mass production, the 7% difference in feed consumption reflects 7% 
difference in FC/EM, presumably of a genetic origin. In Vervoort's (1982) study, the 
difference in FC/EM between the extreme FC/EM classes would reach a level of Dfl. 
1.30 per laying hen per year, which is about 43% of the average net income. 
Marguerat (1988) quotes a similar analysis, reported by Krax (1974), in which 14% of 
the differences in net income between German egg producers could be attributed to 
differences in FC/EM. 
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FIGURE 1. The relative contributions of factors responsible for variation in net income between Dutch 
egg producers (Vervoort, 1982); the factor analysis model explained 88% of the total variance 
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Current FC/EM improvement by breeding 
Random Sample Test data in The Netherlands (Evers and Zeelen, 1967 to 
1988) show a considerable and steady improvement in FC/EM during the last 20 years 
(we calculated a trend in FC/EM of -0.027 per year; r = -0.96, see Figure 2). This is 
accompanied by a large increase of EM (0.46 g d"1 per year; r = 0.94) and a small 
decrease of body weight (BW: -0.009 kg per year; r = -0.67). Body weight gain (BWG) 
did not show a clear trend (-0.03 g d"1 per year; r = -0.45). Multiple regression of 
these FC/EM data on the corresponding EM and BW values showed that around 94% 
of the variation in FC/EM from 1967 to 1988 can be explained. The variation in EM 
accounted for 79%, the variation in BW for 15% (see Figure 3). 
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FIGURE 2. Time trends of feed conversion (FC/EM), egg mass production (EM), body weight (BW) 
and feed consumption (FC) in Dutch Random Sample Test data from 1967 to 1988 (Evers and Zeelen, 
1967 to 1988) 
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NRC (1984) presented the following formula to describe FC/EM for an 11.7 
kJ ME g1 diet: 
FC/EM = (46.5 BW3/4 + 0.74 EM + 1.97 BWG) / EM (1) 
It follows that an increase in EM will result in a corresponding increase in feed 
consumption for production. In addition, the part of FC that is required for 
maintenance and body weight gain will be divided over a larger amount of product. 
This part of FC will become even lower by a decrease in BW; total FC will then be 
lower in relation to EM, and FC/EM will be better (rFC/EMEM = -0.93 and rrc/EMBW 
= 0.68 in the Random Sample Test data). Linear regression of feed consumption on 
year in the Random Sample Test data does not reveal a clear time trend (-0.12 g d'1 
per year; r = -0.25, see Figure 2); the effect of higher EM, for which a larger amount 
of feed will be consumed, and the effect of lower BW, for which a smaller amount of 
feed will be consumed, almost balance. Kolstad (1987) analysed data from all Random 
Sample Tests in Europe from 1977 to 1984. He calculated similar trends as in the 
Dutch data (EM: 0.44 g d1; BW: -0.017 kg; FC/EM: -0.036 per year). McMillan et al 
(1990) calculated time trends from -0.004 to -0.036 for FC/EM from 1970 to 1980 
from the Central Canada Egg Production Tests and from all North American Random 
Sample Tests. 
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FIGURE 3. Estimated contributions of egg mass production (EM) and body weight (BW) to 
improvement of feed conversion (FC/EM) in Dutch Random Sample Test data from 1967 to 1988, 
calculated by multiplying the annual trends in EM and BW with the partial regression coefficients of 
FC/EM on EM and BW 
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Of course, it is difficult to detect the underlying causes for these time trends 
from RST data. FC/EM can be regarded as an interaction between animal and feed, 
dependent on environmental factors. Changes in environmental circumstances and 
feed composition over the years are inevitably present. However, Flock (1980) and 
McMillan et al. (1990) suggested that for Random Sample Tests no major husbandry 
and nutritional improvements for layers have taken place since the introduction of 
Marek vaccination in 1970, and that the time trends seen in Random Sample Tests 
after 1970 are most likely due to breeding. Next to effects of shifts in the market share 
of breeding companies, two breeding strategies can be responsible for the trends in 
Figure 2: selection for high EM, and selection for low BW. Because of the significance 
of EM itself, breeding companies have always selected for a high egg production; next 
to a direct response in EM, a correlated response in FC/EM can be expected. In 
addition, the high heritability and variability of BW stimulated selection for low BW, 
which turned out to be an easy way to improve FC/EM indirectly. 
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FIGURE 4. Phenotypic (rp) and genetic (rA) correlations of feed conversion (FC/EM) with egg mass 
production (EM) and body weight (BW) from various literature sources (reference numbers have been 
indicated in the reference list); symbols indicate the type of correlation estimated, the bars indicate the 
range among estimates from a particular reference 
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The abovementioned relations of FC/EM with EM and BW can also be found 
in the literature as estimated on individually measured hens, and as correlated 
responses for FC/EM in selection experiments for high EM or low BW (Figure 4; 
data on feed efficiency (EM/FC) have been included with a minus sign). Most 
phenotypic and genetic correlations between FC/EM and EM are between -0.5 and 
-1, whereas those between FC/EM and BW are mostly between 0 and 0.5. 
In conclusion, EM is an important trait by itself, and because EM and BW are 
easily and cheaply measurable (without extra equipment) and highly correlated with 
FC/EM, selection for reduced BW and increased EM has been practised by 
commercial poultry breeders and has been effective also in improving FC/EM. The 
measurement of individual feed consumption is regarded to be laborious and to 
require expensive facilities; therefore, direct selection for FC/EM is rarely practised 
by commercial breeders. 
Prospects for further improvement of FC/EM by 
conventional means 
Breeding companies are likely to continue selection for high EM; therefore, 
there will always be a correlated improvement of FC/EM. However, future increase 
in EM is likely to be affected by physiological limits that may occur at high levels of 
production, and by the already reached optimum egg weight. Kolstad (1987) found in 
the European Random Sample Test data from 1977 to 1984 an appreciable 
improvement in EM over the complete period, but no positive change was observed 
over the last four years; this raises the question if a plateau has been reached. In the 
review by Fairfull and Gowe (1990) no arguments were given for an exhaustion of 
genetic variance and loss of fitness, but they do mention the possible physiological 
limit of one egg per day as a probable cause for a future selection plateau, although 
this limit has not yet been reached and there are possibilities to postpone it by 
modifying the environment. 
If a physiological limit occurs, other selection possibilities will be for early age 
at maturity and for an increase of the early egg size without producing an oversized 
egg later. It follows that the correlated response in FC/EM from selection for high 
EM will continue, but it will probably diminish in the future. 
Because maintenance requirements account for the major proportion of feed 
consumption (see formula (1)), BW reduction obviously will be very significant for 
FC/EM improvement. However, the possibilities of utilizing this strategy in a 
continuous selection programme are limited. BW is quite closely related to egg weight, 
lighter hens producing lighter eggs; this means that selection for low BW may also 
lead to lower EM, counteracting the positive effects on FC/EM. Moreover, some 
breeders have found that hens with BW below a certain threshold (about 1.5 to 1.6 
kg) show a serious depression in EM (Arthur, 1986; Bentsen, 1987). A similar effect 
occurs in (sex-linked recessive) dwarf laying hens with a reduction of 30% in BW, but 
a reduction of about 10% in EM (Renden et al, 1984). It has been suggested that a 
body weight threshold, a minimum age or some aspect of body composition may be 
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required for the initiation of production and for maintaining it at a high level. The 
optimum BW would be dependent upon breed type and environmental factors, such 
as nutrition, management and disease control; hens below this optimum BW would 
have reduced performance (Dunnington et al, 1983; Renden et al., 1984) and hens 
above it would have reduced feed efficiency. Furthermore, some breeders fear for a 
loss of appetite and hardiness under field conditions as a consequence of too much 
reduction in BW (Fairfull and Chambers, 1984), especially under conditions of high 
temperature and humidity, This might cause difficulties with regard to the support of 
high EM, which means that the correlated response in FC/EM from selection for low 
BW may disappear or even change sign after a few generations. This may be the 
explanation for the occasional negative correlations between FC/EM and BW in 
Figure 4. Figure 2 shows that after the decrease in BW up to 1982, breeders changed 
their minds about BW and kept it constant after two years of restore. 
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FIGURE 5. Estimated correlated responses in feed conversion (FC/EM) after one generation of 
selection for a high egg mass production (EM) or a low body weight (BW) at different initial EM levels 
(BW = 1.75 kg) or initial BW levels (EM = 45 g d"1); the arrows indicate the mean levels of EM and 
BW in the Dutch Random Sample Test data of 1988 
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Furthermore, the extra returns in terms of FC/EM from improvement of either 
EM or BW diminish as EM improvement continues. The relations of FC/EM to EM 
and BW are non-linear by definition: the change in FC/EM will be dependent on the 
level of the underlying traits. The change in FC/EM can be estimated from the 
changes in EM and BW, weighted in the numerator term with the coefficients from 
formula (1). This is illustrated by the estimated correlated responses in FC/EM 
(following Bentsen, 1987) after one generation of single trait mass selection for high 
EM or for low BW at different initial EM levels (with BW fixed on 1.75 kg; left side 
of Figure 5). The selection intensity was taken as 1 for both traits; further assumptions 
are h2 = 0.5 and aF = 0.135 kg for BW, h2 =0.1 and aP = 6 g d"1 for EM, rA^BWEN?) 
= 0.05, and BWG = 0 g d"1. In the situation that BW reduction is still possible, it 
appears that the effect of selection for decreased BW is clearly the most significant 
of the two. The right side of Figure 5 (with EM fixed on 45 g d"1) illustrates the small 
role of the initial BW level: the statements concerning diminishing extra returns and 
magnitude of the two alternative correlated selection responses hold for a broad range 
of initial BW levels. 
In conclusion, the conventional improvement of FC/EM will become more 
difficult, both in an absolute and in a relative sense. Especially in the context of the 
present decrease in the- egg price/feed price ratio in the EEC and USA (Winfridsson, 
1990), direct selection for improved FC/EM is becoming more and more relevant. 
New possibilities for further improvement 
Direct selection for a low FC/EM can be practised and a direct response may 
be expected. However, an important part of the improvement of FC/EM that can be 
realized by direct selection on this trait will be attributable to the correlated responses 
of BW and EM; these effects could have been obtained more easily and cheaply by 
direct selection on BW and EM. This is illustrated by the results of two selection 
experiments: Pirchner (1980) selected for a high feed efficiency and reports that 94 
% of the selection response could be attributed to changes in BW and EM; Wang et 
al. (1991) selected for low FC/EM, and multiple regression of their FC/EM data on 
BW and EM in four populations shows that 93 to 99% of the selection responses 
could be attributed to changes in BW and EM. 
Moreover, using a ratio as a selection criterion effects different relative 
selection responses of the single numerator and denominator traits, dependent on their 
position in the ratio, their genetic parameters, their initial levels and variation, and on 
selection intensity. The expected selection responses of numerator and denominator 
traits cannot even be predicted analytically (Gunsett, 1984; Essl, 1989). This means 
that undesired correlated selection responses in EM and BW might be obtained: (1) 
BW could be reduced beyond its optimum level, (2) EM could be reduced if BW 
reduction is large enough, or (3) alternately BW could be increased beyond its 
optimum level if EM increase is large enough. The results of the selection experiments 
mentioned before (Pirchner, 1980: response in FC/EM -0.08 per generation; Wang et 
al., 1991: -0.05) illustrate this: the experiment of Wang et al. (1991) resulted in a 
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decrease in BW (around 0.020 kg per generation) and an increase in EM (around 0.6 
g d"1 per generation), whereas Pirchner's (1980) resulted in a decrease in both traits 
(0.070 kg and 0.06 g d"1 per generation, respectively). In the selection experiment of 
Watanabe et cd. (1975: response in FC/EM -0.07 per generation) BW and EM 
responded in the same directions as in Pirchner (1980), but in very different 
proportions (-0.008 kg BW and 1.4 g d"1 EM). 
Direct selection for FC/EM greatly concerns changes in BW and/or EM. It 
follows that the part of variation in FC/EM that is not accounted for by variation in 
BW and EM is not used in an optimum way. To obtain insight in the relative selection 
responses of the various underlying traits (BW and EM, and the part of FC/EM not 
accounted for) and to offer the possibility of control of these responses in the way the 
breeder wants them, further study of the genetic aspects of this not accounted part is 
relevant. 
This study focuses on the remaining sources of variation. In order to approach 
this problem, the term "residual feed consumption" will be used in the main part of 
this thesis. 
Residual feed consumption (RFC) in laying hens is defined as feed 
consumption corrected for egg mass production, body weight and change in body 
weight. The question rises if birds have different feed requirements to produce a gram 
of egg or to maintain a gram of body weight, and if other important feed demanding 
processes than EM, BW and BWG exist. In chapter 1, the relevant literature is 
reviewed. In chapter 2, a multiple regression equation is fitted and its coefficients are 
used to determine the feed requirements for each source. Moreover, the model to 
calculate RFC is optimized in a statistical sense. Based on the findings of the review, 
two high-low sampling studies with respect to RFC have been performed, making use 
of respiration measurements to answer some questions that remained unresolved in 
the review, and to obtain more information on the physiological backgrounds of RFC. 
These trials have been described in chapter 3. Based on the model derived in chapter 
2, the variation of RFC is explored in chapter 4, in order to determine sources of a 
permanent character over the laying period (a.o. by repeatability estimates). Possible 
genetic aspects (heritability and correlation estimates) are described in chapter 5. 
Finally, the causes for variation in RFC and their relative importance, the genetic part 
of this variation, and the possibilities to utilize this variation for breeding are dealed 
with in a general discussion. 
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Genetic variation of energy partitioning in 
laying hens: causes of variation in residual 
feed consumption 
P. Luiting 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 338, 
6700 AH Wageningen, The Netherlands 
When multiple linear regression of feed consumption on metabolic body weight 
(MBW), body weight gain (BWG) and egg mass production (EM) is calculated 
between or within strains of laying hens, a standard deviation of 47 to 180 kj ME d'1 
remains unexplained by these effects. This unexplained fraction, called "residual feed 
consumption" (RFC), has a heritability of 0 to 80%. A survey of literature was 
performed to quantify this unexplained variation between strains and among 
individuals within strains of laying hens with respect to some energy metabolism 
parameters independent of MBW, BWG and EM. Genetic differences in ability to 
metabolize gross feed energy are found to be of limited magnitude; the coefficient of 
variation is 1 to 3%. From calorimetric experiments, the range of heat production 
(HP) between strains is found to be 44 to 118 kj kg'3/4 d"1; variation among 
individuals within strains is of the same magnitude (standard deviation: 16 to 125 kj 
kg"3/4 d'1). The range of maintenance requirements (MEm) is reported to be 41 to 113 
kj kgJ/4 d"1; standard deviation among individuals is 23 to 80 kj kg'3/4 d'1. Variation 
of heat increment of production (constituting the difference between HP and MEm) 
seems to be small. The range of fasting heat production (FHP) between strains of 
laying hens appears to be 18 to 130 kj kg"3/4 d'1, whereas the standard deviation 
among individuals has again the same magnitude (22 to 51 kj kg"3/4 d"1). It is 
concluded that variation of heat increment of maintenance (MEm - FHP) is small. The 
main component of HP variation and of RFC variation seems to be the variation of 
MEm: differences in physical activity, feathering density, basal metabolic rate, area 
of nude skin (comb, wattles, legs) body temperature and body composition. Net energy 
per g EM does not play an important role in variation of RFC. 
Introduction 
Feed accounts for 60 to 70% of the total cost of egg production. The 
improvement of feed efficiency is therefore one of the main aims of the breeder. Feed 
efficiency has been improved mainly as a correlated response to selection for a higher 
egg production level and through deliberate reduction of maintenance requirements 
by selection for a low adult body weight. 
In recent years the rate of improvement in feed efficiency has been decreasing 
and attention has been focused on direct selection. However, this requires 
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measurement of individual feed consumption, which is time consuming and therefore 
very expensive: the possible benefits are commonly thought to be lower than the costs 
involved. But direct selection on feed efficiency ratio may be not the best way to 
improve this component trait because of complex additive and multiplicative relations, 
and because of the antagonism between the desirable responses of egg production and 
feed consumption. Partitioning feed efficiency in terms of its components may 
demonstrate more clearly its biology and economics and help in achieving an 
enhanced rate of improvement. 
Gross feed energy (GE) 
consumption (100%) 
Feed 
waste 
energy 
loss 
Metabolizable energy 
consumption (69%) 
Faecal 
{energy 
{loss (27%) 
Urine 
energy : 
loss (4%) : 
ME 
(69%) 
Net energy for production (NE ,„,,) 
Heat increment of 
maintenance (HIm) 
(9%) 
(15%) 
-Egg composition 
-Body weight gain 
Heat increment of 
production (HIprod) 
(10%) 
Heat production (HP) 
loss (54%) 
Net energy required 
for maintenance (NE^ 
(35%) 
-Basal metabolic rate (BMR) 
-Activity 
-Feathering 
-Nude body areas 
-Body temperature 
-Body composition 
FIGURE 1. Average distribution (%) of gross energy consumption over the various energy demanding 
processes in laying hens (according to Hoffmann and Schiemann, 1973; Farrell, 1974; Van Es, 1980) 
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Feed is used for maintenance and for production. In ad libitum fed laying hens, 
feed energy for maintenance represents about 44% of gross energy consumption (see 
Figure 1). It is related to metabolic body weight (MBW, in kg" with a usually taken 
as 3/4), whereas production energy requirements (about 25% of gross energy 
consumption, see Figure 1) are related to egg mass production (EM, in g) and, when 
relevant, to body weight gain (BWG, in g). A major fraction of the difference in 
energy requirement between strains and among individuals within strains, when kept 
under uniform nutritional and environmental conditions, seems to be caused by 
differences in MBW, EM and BWG. Yet, some variation in the energy requirement 
remains unexplained. This unexplained variation may be caused by uncertainty about 
the true relations between energy consumption and MBW, EM and BWG, by 
variations among individuals in these relations, by unaccounted for energy demanding 
processes, or by measuring errors. If some of this unexplained variation could be 
attributed to factors other than measuring errors, it might indicate an interesting new 
approach to the genetic improvement of feed efficiency. This article reviews this 
variation in energy requirements, independent of body weight and production, between 
strains and among individuals within strains. Possible causes for this variation are 
reviewed following the scheme in Figure 1. 
Residual feed consumption 
Variation in feed consumption between strains cannot be completely attributed 
to variation in body weight and production. Leeson et al. (1973) fitted two separate 
multiple linear regression equations to data from a light hybrid stock and from two 
heavy hybrid stocks. When these equations were used to predict the feed consumption 
of other strains of similar body weight, systematic deviations from realized feed 
consumption of 9.3 to 11.4% were observed. In a similar report from McDonald 
(1985) deviations were up to 6%. A multiple regression analysis based on data from 
five stocks reported by Byerly et al. (1980) - a White Leghorn (WL) strain and two 
WL hybrids of different BW, a broiler dam strain and an adult broiler hybrid - showed 
that 5% of the variation in feed consumption between stocks (corresponding to a 
standard deviation (sd) of 8 g feed d"1 or 97 kJ ME d"1) could not be explained by 
variation in MBW, EM and BWG. In a study involving many different layer stocks, 
Bentsen (1979) found 7 to 38% of the variation in feed efficiency unexplained. 
Summarizing from many reports, 1 to 95% of the feed consumption variance among 
individuals within stocks appears to be related to variation of MBW, EM, and BWG 
(Arboleda et al, 1976; Gous et al, 1978; Hagger and Abplanalp, 1978; Fairfull and 
Gowe, 1979; Bordas and Mérat, 1981; Bentsen, 1983a; Schild, 1983; Damme, 1984; 
Herremans, 1987; Pauw, 1987; El-Sayed, 1988). This means that a large fraction (5 to 
99%) of the variance in feed consumption among hens within stocks appears to be 
unexplained by MBW, EM and BWG (this corresponds to a residual standard 
deviation of 47 to 180 kJ ME d"1 or a coefficient of variation of 4 to 12%; Bentsen, 
1983a, and Damme, 1984). This unexplained term is referred to as residual feed 
consumption (RFC) by various authors and is defined operationally as the difference 
between the true feed consumption of an animal and its consumption as predicted 
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from MBW, EM, and BWG. Although the reported unexplained fractions are not very 
consistent among some literature sources, among others, probably due to quite 
different statistical models, it may be concluded that the individual residual term 
shows systematic variation; Bentsen (1983a) found an sd of 70 to 80 kJ ME d"1 over 
the entire laying period, with a correlation of 0.5 between adjacent four week periods. 
This value equals the repeatability estimate of Bordas and Mérat (1975). In addition, 
heritability estimates vary from 0 to 80% (Arboleda et al., 1976; Hagger and 
Abplanalp, 1978; Wing and Nordskog, 1982; Bentsen, 1983b; Schild, 1983; Damme, 
1984; Fairfull and Chambers, 1984; Pauw, 1987; El-Sayed, 1988). 
Summarizing, RFC may appear to be an unexploited source of systematic 
variation in feed efficiency. In principle, all parameters in Figure 1 might be subject 
to genetic variation, accumulating into genetic variation in RFC. In separating these 
processes an attempt is made to identify those of most importance. 
From gross energy to metabolizable energy consumption 
The upper part of Figure 1 shows two possible causes for loss of gross feed 
energy: feed wastage before ingestion, and energy losses in faeces and urine. Their 
importance for variation in energy utilization is considered briefly. 
Energy loss by feed waste 
Even when modern feeding systems are run at minimum feeding levels, there 
is waste of feed from troughs due to the behaviour of hens (Tauson, 1979). Hurnik et 
al. (1973) measured a low average level of feed waste from 18 to 21 weeks of age at 
individual housing (1.6%); yet they found a small difference between two strains of 
commercial type layers. In an experimental situation with a high chance of feed waste 
Heil and Hartmann (1980) estimated an averaged waste of 15% and a large variability 
among individual hens (ranging from 0 to 100 g d"1). The repeatability of feed waste 
was high (0.65), but the heritability was low (0.13). There was also no indication of 
differences in feed waste between a cross from a commercial breeding programme and 
a cross with sires from a line which was selected over three generations for feed 
conversion rate. This is in agreement with the findings of Morrison and Leeson (1978) 
that feed waste did not influence variation of feed efficiency among individuals. Since 
feed waste can be substantially reduced through proper management (low feeding 
levels, choice of feeding system, choice of feed trough type, etc.), it may be considered 
as experimental error. Moreover, if management in commercial production largely 
prevents feed waste, heritable differences found in experimental situations may find 
no parallel expression in practice. 
Energy losses in faeces and urine 
Nesheim (1975) concluded from a literature review that there is no strong 
evidence for large genetic variation in metabolizability of gross energy (ME/GE) in 
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poultry. An overall estimate of a between strains coefficient of variation (cv) of 
ME/GE in laying hens can be obtained from various experiments of Foster (1968a). 
This produced a value of 1.1%, which is statistically significant (P<0.01) but small. 
Foster derived from the same experiments an overall estimate for the cv among 
individuals (within strains) of ME/GE of 1.4%; the repeatability was moderate (0.54) 
and the heritability was low (0.17). Overall estimates of coefficients of variation of 
ME/GE among individuals from Kirchgessner and Voreck (1980) and Neumann and 
Kirchgessner (1984) are of the same magnitude (1.4 and 0.9%, respectively). Pooling 
the means and variances of digestibility of gross energy for various trials of Hoffmann 
and Schiemann (1973) gives a somewhat higher cv, 3.4%, and a somewhat lower 
repeatability, 0.41. Variation in metabolizability of digestible energy was very small, 
so that the major part of the variance of ME/GE was associated with differences in 
digestibility. 
If energy intake differs over a wide enough range, ME/GE often decreases with 
increasing energy intake (Foster, 1968b; Kirchgessner and Voreck, 1980). The latter 
authors found a significant (P< 0.005) linear decrease of 0.055% ME/GE per g d"1 
feed consumption within a range of 72 to 110 g d"1. Calculations based on their data 
suggest that at least 95% of the variance of ME/GE among individuals is determined 
by feed consumption. However, in a comparison of two groups of hens which were 
extremely different with respect to feed consumption but were similar in production 
and body weight, Morrison and Leeson (1978) found only a very small difference in 
metabolizability in the expected direction (12.6 as against 12.7 kJ g"1 feed, i.e. 53% of 
the standard deviation among individuals). Bentsen (1983b) found in two breeds very 
low phenotypic correlations (-0.03 and -0.12) between ME/GE and feed consumption 
adjusted for production and body weight (RFC). In one of the two breeds the genetic 
correlation was estimated at -0.3. Although statistically non-significant, these estimates 
have the same sign as for feed consumption when not adjusted for production and 
body weight. 
Summarizing, ME/GE shows a genetic cv of 1 to 3% (corresponding to a 
standard deviation of 0.7 to 2.5% ME/GE), mainly caused by variation in feed 
consumption. However, when feed consumption is adjusted for production and body 
weight, a large part of the variation in ME/GE seems to be removed. Possibilities for 
genetic improvement of ME/GE might be small as a result of limited variation and 
low heritability. Moreover, selection for production and body weight might reduce this 
variation to a large extent. Hence, differences between and within stocks in feed waste 
and metabolizability may make only a minor contribution to variation in RFC. 
Variation in the utilization of metabolizable energy: heat 
production and net energy per unit of product 
As is shown in the second part of Figure 1, the efficiency of utilization of ME 
for productive purposes is determined by the amounts of ME lost as heat due to the 
net energy required for maintenance (NEm) and due to the heat increment of feeding 
(NEprod = ME - NEm - HIm - HIprod). The latter term is represented by HIm and H I ^ 
and determines km and k ^ , the net efficiencies at which maintenance and productive 
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processes occur (1^ = NEm/[NEm + H I J and k ^ = N E L ^ / t N E ^ + HIp^]). The 
fraction of energy requirements unexplained by MBW, EM and BWG, Le. residual 
feed consumption (RFC) as mentioned, may be caused by differences among animals 
in the amount of NEm, of HIm and HIprod, and in the energy concentration of the 
product (NEprod g"1). Because the underlying metabolic parameters NEm, HIm and 
HL^j cannot be measured separately, consideration is given to variations in the sum 
of these three parameters, Le. the total heat production (HP), and the sum of the first 
two parameters, Le. the amount of metabolizable energy needed to maintain the 
animal (MEm = NEm + HIm). The latter is achieved by adjusting total heat production 
(HP) for egg production and body weight (which may be performed in various ways, 
both statistically and by deliberate choice of experimental animals). Comparison of the 
variation in HP with that of MEm gives an indication of the variation in HIprod. Finally, 
the basal metabolic rate (BMR, which is commonly considered to represent an 
animal's most basic net energy requirement for maintaining itself, free from 
requirements resulting from external influences) is used as an approximation of NEm. 
Comparison of the variation in MEm with that of BMR gives an indication of the 
variation in HIm, which includes in this way, inter alia, the energy expenditure for 
normal thermal regulation and normal physical activity. These latter two processes and 
possible causes for BMR variation are discussed. After this, variation in energy 
concentration of egg production and the role of body weight gain and its variation in 
energy concentration will be reviewed. 
Heat production 
Total heat production 
Total HP determines a major portion of the daily energy requirements (see 
Figure 1). Therefore, genetic variation in HP would be expected to have a major 
influence on efficiency. 
There are several reports in which HP of different strains is compared. We 
review here results obtained with mature hens during lay using similar experimental 
conditions {ad libitum consumption of feed with about 12 kJ ME g"1, ambient 
temperature of «20° C, relative humidity between 60 and 85% and at least 14 hours 
of light per day) and techniques (indirect calorimetry of at least 20 hours' duration). 
Table 1 (columns 4 and 5) indicates that a substantial variation in HP occurs between 
strains; the range between strains of HP per hen is found to be 44 to 520 kJ d"\ or 5 
to 44% of the mean level. 
A large variation is also found within strains; estimates of sd and cv values 
among individuals derived from many sources are between 35 and 218 kJ d"1 and 
between 4 and 20%, respectively (columns 2 and 3, Table 2). 
HP is linearly related to ME consumption. Herremans (1987) estimated a 
significant linear correlation coefficient of 0.427 between HP and feed consumption. 
MacLeod (1984) estimated a linear regression coefficient of HP on ME consumption 
of the order of 0.15 to 0.30. Therefore, correlations between HP and body weight and 
production may also be expected. The data in Table 1 may suggest that the HP 
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differences between strains are related to differences in body weight and production. 
To get an impression of the amount of variation in HP between and within strains that 
is not dependent on variation in body weight and egg production, some adjustments 
for these are necessary. Several ways to achieve this can be found in the literature, 
and are reviewed in the remainder of this section. 
Metabolic body weight 
Correction for body weight is often performed by expressing HP in terms of 
metabolic body weight (HP3/4, in kJ kg"3//4 d"1). On average, this way of expression 
diminishes the variation in HP to a small extent: range between strains (column 7, 
Table 1), 7 to 28% of the mean; cv among individuals within strains (columns 4 and 
5, Table 2), 3 to 21%. However, the metabolic exponent can influence these 
variations; for example, the range of 13% in HP3/4 between strains found by Farrell 
(1975; see column 7, Table 1) changes to 10 and 23% when expressed per kg067 and 
per kg, respectively. For a proper comparison, heat production should be expressed 
in a unit that makes the metabolic level of an animal independent of its body weight. 
However, differences in egg production will confound this relationship and will 
therefore contribute to the kind of differences in variation as illustrated by the 
example from FarrelPs' data. 
Non-laying hens 
Comparisons of heat production between and within strains of non-laying or 
ovariectomized hens are not disturbed by variation in egg production. Laying hens 
have a higher HP3/4 than non-laying or ovariectomized hens of similar body weight (19 
and 45% higher, respectively: Balnave et al., 1978). The difference in HP3/4 between 
the laying type strain (WL * ALP) and the meat type strain from Balnave et al. (1978) 
is 7% for ovariectomized hens, which equals the value for laying hens (column 7, 
Table 1); the variation among individuals for non-laying and ovariectomized hens is 
similar to the values in Table 2 (columns 4 and 5). However, such birds are in a 
completely different physiological state compared to normally laying hens. Because of 
this heat production comparisons of this kind would only be suitable if physiological 
differences, apart from laying, were small, and this is uncertain. 
An analogous approach would be to compare heat production data of hens, 
measured on days within the laying period on which no egg was laid. For example, the 
data by Farrell (1975; column 7, Table 1) could be separated into eight hens that were 
laying on the days of measurement, and five hens that were not. The range of HP3/4 
between strains turned out to be 17 and 12% of the respective means. This difference 
is in the expected direction, as correction for egg production leads to reduced strain 
differences in HP3/,4. However, as was also indicated by Balnave (1974), this correction 
procedure is incomplete because correction is presumably only made for ovulation, 
mechanical movement and secretions within the oviduct, and oviposition, and not for 
synthesis and transport of yolk and albumen material. 
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It may be concluded that expressing heat production of non-laying hens per unit 
of MBW is not a proper way of adjustment. 
High-low sampling 
It seems more logical to compare the genotypes at some constant averaged 
production level rather than at zero production. To achieve this, comparisons of 
different genotypes might better be made using hens with a similar production at a 
"normal" level. When the body weights of these hens are also similar, the problem of 
not knowing the true relation between HP and BW is solved as well. The only 
difficulty of this method is the selection of suitable animals. In the literature only two 
experiments of this kind seem to have been reported (Morrison and Leeson, 1978; 
Katie et al., 1984). They estimate a difference of 13 and 20%, respectively, in HP3/4 
between two groups of WL hens with similar BW and EM but extremely different ad 
libitum feed consumption (Table 3). Therefore, an important part of variation in feed 
consumption is explained by heat production, independent of body weight and 
production. 
When assuming a normal distribution of HP3/4 and left and right truncation of 
the two groups in these populations, coefficients of variation among individuals may 
be estimated as 4.7 and 2.9% for the two references, respectively (sd: 38 and 15 kJ 
kg"3/4 d"1). These figures are at the lower boundary of the range of Table 2 (columns 
4 and 5). 
TABLE 3. HP3/4 (kJ kg3/4 d') of two groups of WL hens wih similar BW and EM but extremely different 
feed consumption (FC) 
HP3/4 of low HP3/4 of high HP range Difference 
FC group FC group (% of mean) in FC 
(kJ kg3'4 d1) (kJ kg'3'4 d1) (g d'1) 
Reference (number of animals in parentheses) 
Morrison and 
Leeson (1978) 732 (n=4) 895 (n = 3) 20 11.3 ( = 133 kJ ME d1) 
Katie et al. (1984) 491 (n = 16) 560(n=16) 13 20.8" 
* adjusted for small differences in body weight and production by multiple regression 
Although this kind of experiment offers good possibilities for proper 
comparisons of heat production between and within strains, there are too few of them. 
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Maintenance requirements 
Simple regression 
Another approach to the comparison of variation in heat production between 
genotypes without the disturbing effects of variation in egg production, is interpolation 
(or extrapolation) of the regression of heat production on net energy for production 
to a zero net energy level (NEprod = ME - HP = 0). In the literature, reports can be 
found on an equivalent procedure, where the maintenance requirements (MEm0) are 
estimated by interpolation of the regression of net energy for production on ME 
consumption to a zero net energy level (see Figure 2). Successively feeding individual 
hens on different ME levels gives the estimated MEm0 of individual hens; applying the 
same procedure on all data measured on various hens within a strain gives the 
estimated MEm0 of that strain. Hence, selection of a small number of suitable animals, 
which is the case for high-low sampling, is not necessary. The slope of the regression 
line gives the net efficiency for production (kprod0). 
NE prod ( k j kg"3'4 d'1) 
400 r 
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FIGURE 2. An example of the relationship between metabolizable energy consumption (ME) and net 
energy for production (NEprod) with interpolation to a zero net energy level to estimate the maintenance 
requirements (ME,^) 
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Columns 9 to 11 of Table 1 and columns 7 to 10 of Table 2 give estimates for 
differences between strains and for variation among individuals within strains in MEm0 
and kprodo as measured by indirect calorimetry. The variation in t,rod0 is sometimes 
quite large (columns 9 and 10 of Table 2: cv within strains up to 22%) and represents 
above all variation in NEprod. When comparing the variation of MEm0 to that of HP3/M 
(in columns 6 and 7 of Table 1 and columns 4 and 5 of Table 2), it may be concluded 
that there is little difference in magnitude (range of MEm0 between strains: 7 to 15% 
of the mean; cv of MEm0 within strains: 5 to 13%). Therefore, HIprod (only 10% of the 
GE consumption by itself, see Figure 1) contributes little to the total variation of HP 
between and within strains. 
Thus, even after correction for HIprod the variation in heat production remains 
of a similar magnitude as before correction. The major fraction of variation in HP 
appears to be associated with the maintenance ME requirements. 
Multiple regression 
A second approach to the estimation of maintenance requirements, but at 
normal body weight and production levels, is by the use of multiple regression. This 
method will also result in proper adjustments for production and body weight 
(including the metabolic exponent provided by the application of non-linear 
regression). Because the interest is in that part of the variation in feed consumption 
that is not explained by variation of body weight and production, ME consumption is 
taken as the dependent variable. The partial regression coefficient on NE „,, is the 
reciprocal of the net efficiency for production (independent of body weight) and the 
partial regression coefficient on MBW is the MEm per metabolic kg (independent of 
production level). NEprod may be further divided into NE for egg production and NE 
for body weight gain, each with its own net efficiency. In some experiments, 
differences in egg composition and body weight gain composition are confounded with 
these net efficiencies by taking EM and BWG as independent variables instead of the 
NE values. 
Columns 12 to 14 of Table 1 show the variations in MEm and lc,,,^ between 
strains from other multiple regression studies. The difference in MEm between RIR 
and WL found by Bentsen (1983a) was significant (P<0.01); for the regression 
coefficients ßEM and /3BWG (columns 15 and 16 of Table 1), these tendencies were less 
pronounced. For other strains, Damme (1984) and El-Sayed (1988) drew comparable 
conclusions from multiple regression models with an intercept (the intercept makes 
comparisons with absolute values in Table 1 impossible). Columns 11 to 14 of Table 
2 show the variations among individuals in MEm and k ^ from multiple regression 
studies. When comparing the variations of MEm from Table 1 (columns 12 and 13, 
range between strains: 9 to 20% of the mean) and from Table 2 (columns 11 and 12, 
cv within strains of 4 to 14%) with the corresponding MEm0 values (columns 9 and 10, 
and 7 and 8, respectively), it may be concluded that the differences are very small. 
Obviously, the method of interpolation to a zero NEprod level performs also quite 
satisfactory. 
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Summarizing, multiple regression of ME consumption on MBW, EM, and 
BWG leaves unexplained ranges between and an unexplained sd within strains (see 
the "Residual feed consumption" section) of 47 to 180 kJ ME d"1. Most of this 
variation between strains must be attributed to maintenance (the range of MEm is 
about 49 to 113 kJ kg"3/4 d"1). In view of the sd of MEm among individuals (23 to 64 
kJ kg'3/4 d"1) and of the differences in the two earlier mentioned high-low sampling 
studies (which makes correction for body weight and production superfluous), the 
same is probably the case for the variation among individuals within strains. However, 
individual estimates for maintenance requirement and net efficiency are often 
unreliable because of small numbers of observations per hen and often small variation 
in the independent variables (mainly MBW) within hens. In addition, many animals 
have to be fed at various levels successively, which makes such experiments time 
consuming, difficult to control, and expensive. Therefore, combinations of RFC studies 
with high-low sampling studies are needed in order to examine variation in 
maintenance requirements among individuals. 
Net energy for maintenance 
Basal metabolic rate 
Since basal metabolic rate (BMR) is considered to be an intrinsic characteristic 
of the animal, many studies have focused on it. Most reports give the following 
definition: the bird has to be in a resting post-absorptive state, in good nutritive 
condition, and sexually and emotionally in repose. In practice this means that hens fed 
ad libitum should be starved for at least 24 h before the experiment starts, they should 
be non-laying, awake and in a sitting position, without stress, while the air temperature 
should be in the thermoneutral range. The latter four requirements especially are not 
(completely) under control, and hence a fasting metabolic rate rather than a true 
BMR is usually measured. This implies that in most cases, especially as a result of 
inevitable egg production and physical activity, fasting heat production (FHP) 
overestimates BMR. 
Columns 17 and 18 of Table 1 show the variation in FHP (range: 4 to 33% of 
mean) between strains as measured by indirect calorimetry after at least 24 h of 
starvation and at an ambient temperature of »20° C. Expression of FHP per unit of 
MBW does not remove the strain differences; the same was concluded before for 
HP3/4. Interpolation and multiple regression techniques for estimation of MEm lead 
to similar results; after correction for MBW and egg production within strains, some 
strain differences will remain. 
When estimating the metabolic exponent from his data, Damme (1984) found 
no strain differences in FHP per metabolic kg. The same conclusion could be drawn 
from a similar comparison by Damme et al. (1984) between four strains (White 
Leghorn, Rhode Island Red, Sussex and a broiler parent strain) varying in body weight 
from 1.32 to 3.61 kg. El-Sayed (1988) gives different metabolic FHP levels for the 
same strains as Damme (1984), but gives no information about the significance of 
these differences. Yet, significant strain differences were found in these three 
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experiments after correction for activity level and feathering score, which leads to a 
closer approximation of true BMR; therefore, their differences in Table 1 are probably 
underestimates of true differences in BMR. 
Coefficients of variation for FHP among individuals were in the range of 5 to 
13% (sd 22 to 51 kJ kg"3//4 d"1: columns 15 and 16 of Table 2). Morrison and Leeson 
(1978) also measured FHP in their earlier mentioned high-low sampling study. The 
difference in FHP between their two groups was 89 kJ kg"3/4 d"1 or 15% of the mean, 
and somewhat smaller than the difference in HP3/4. When we assume a normal 
distribution of FHP and left and right truncation of the two groups in this population, 
the sd among individuals can be estimated as 20 kJ kg"3/4 d'1. This value is again at the 
lower boundary of the abovementioned range. 
Some part of the variation among individuals seems to be genetic. When 
measuring MBW-corrected FHP in 1131 hens of two medium-heavy strains and their 
reciprocal crosses, each over a ten min recording period, Damme (1984) found 
heritabilities of 0 to 47 and 0 to 29% during daytime and night-time, respectively. 
Adjustments for activity level and feathering score gave somewhat lower estimates (0 
to 23 and 5 to 22%, respectively). In a similar dataset of 2164 hens with the same 
adjustments El-Sayed (1988) estimated averaged heritabilities over three generations 
of 11 and 38% during daytime and night-time, respectively. Damme (1984) estimated 
phenotypic correlations of 0.01 to 0.48 (with significant strain differences) between 
MBW-corrected FHP and feed consumption of the same hens fed ad libitum. 
Adjustment of feed consumption for body weight and production led to correlations 
between MBW-corrected FHP and RFC of -0.06 to 0.43, whereas further adjustment 
for activity level and feathering score gave lower estimates (-0.15 to 0.31). Similar 
estimates of El-Sayed (1988) were much closer to zero (-0.02 to 0.17). 
Summarizing, the range of FHP between strains and the sd within strains 
appear to be about 18 to 130 kJ kg~3/4 d"1 (4 to 33% of the mean level). This variation 
has a similar magnitude to that for MEm, which indicates that the heat increment for 
maintenance (only 9% of the GE consumption by itself, see Figure 1) contributes little 
to the variation in heat production between and within strains. The same conclusion 
was drawn before for the heat increment of production. A moderate fraction of the 
variation in FHP seems to be heritable and correlated with RFC. Correction for 
activity level and feathering score slightly reduces this fraction. The separation of 
BMR seems to be artificial considering that hens, when fed, will always mobilize feed 
energy to fulfil maintenance requirements. Furthermore, it seems more logical to work 
the other way around, by quantifying energy demands of ad libitum fed hens for 
activity and thermoregulation, and approximating BMR by subtracting these from 
MEm. Therefore, physical activity and thermal regulation are reviewed in the following 
sections, succeeded by body composition as a possible cause of variation in BMR. 
In addition to the above, Balnave et al. (1978) found laying hens to have still 
higher FHP and MEm than non-laying or ovariectomized hens (6 and 43% higher 
FHP, and 9 and 37% higher MEm, respectively). The same was found for comparisons 
of FHP between laying and non-laying hens by Waring and Brown (1965; 11%) and 
O'Neill and Jackson (1974; 37%). This shows that comparisons between and within 
strains of the latter kinds of hens are not applicable to normally laying hens. This is 
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in agreement with the earlier mentioned objection on the basis of different 
physiological status. 
Activity 
Total activity heat loss may be divided into a muscular energy fraction 
associated with the work involved in movement and a physical heat loss fraction 
associated with a consequent breaking of the insulation layer. Therefore, the effect of 
activity levels on heat production is likely to be confounded with effects of variation 
in feather cover. Physical activity is reported to cause 9 to 25% of total HP levels {i.e. 
40 to 117 kJ kg"3/4 d"1) in ad libitum fed laying hens (MacLeod et al., 1982; Boshouwers 
and Nicaise, 1985; MacLeod et al., 1988). Clear differences between strains and among 
individuals within strains have been found for physical activity levels (Farrell, 1975; 
Morrison and Leeson, 1978; Heil et al, 1982; MacLeod et al, 1982; Bentsen, 1983b; 
Damme, 1984; Katie et al, 1984; Mills et al, 1985; El-Sayed, 1988; MacLeod et al, 
1988). Movements made during feed consumption, standing, and preening, and 
especially during pre-ovipositional behaviour, seem to cause high absolute HP levels 
and large variation between animals (Table 4). MacLeod et al (1988) mentioned no 
influence of two intermittent lighting patterns on the mean level of activity related HP, 
but yet a somewhat smaller variation among individuals. 
TABLE 4. Estimated energy costs of various types of physical activity of laying hens (Kemp, 1985; 
modified) 
Type of acitivity 
Feed consumption 
Pre-ovipositional 
behaviour 
Standing 
Preening 
Duration (% of 
daylight phase) 
13-50 
0-19 
10-55 
8-14 
Energy costs 
(kJ kg3'4 h ' ) 
2-14 
5-14 
1-5 
6 
Total extra costs 
(kJ kg3/4 d1) 
4-112 
0-43 
2-44 
8-13 
Physical activity differences have been shown to explain part of the heat 
production differences between strains (Farrell, 1975; Bentsen, 1983b; Damme et al., 
1984; El-Sayed, 1988). This has been quantified by MacLeod et al (1982), who found 
that «33% of the FHP range between two strains could be explained by the activity 
heat production difference {i.e. 33 kJ kg"3/4 d"'). Heat production differences among 
animals within strains have been related to activity differences in the earlier 
mentioned high-low sampling studies: Morrison and Leeson (1978) recorded activity 
on video over 3 days, and noticed that the efficient animals (with the lowest heat 
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production) spent more time resting (58 as against 50% of the day) and less time 
standing (42 as against 50%), including less time feeding (12 as against 13%). Katie 
et al. (1984) observed by video, during one day, that the efficient hens were less active 
(46 as against 49% of the day) and less sensitive to disturbances (70 as against 89% 
active during the first hour after egg collection) than the inefficient hens. The fraction 
of heat production caused by activity cannot be quantified from these studies. 
Feathering 
Localized fat deposition occurs in the abdominal cavity of the hen so that 
variation in the amount of body fat has only a small effect on heat loss. Feathers 
provide the main form of insulation and therefore may cause important MEm 
differences. Thermal insulation depends on changes in the spatial arrangement of the 
feathers and, thus, on the depth of the air layer around the body. Feather density is 
often subjectively measured by means of visual scoring, usually in five classes, with 1 
denoting a fully intact feather cover and 5 an almost totally nude bird (Emmans and 
Dun, 1980). Clearly the results of different studies involving such subjective scoring 
methods will not be fully comparable. Clear differences between strains and among 
individuals within strains have been found for feathering density (Balnave, 1974; 
Hughes, 1980; Damme, 1984; Damme and Pirchner, 1984a). 
Minor feather damage has little effect (up to 49 kJ kg"3/4 d"1) on HP of ad 
libitum fed hens and on FHP (Tullett et al, 1980: artificial defeathering of 6 to 11% 
of the body surface; Lee et al., 1983: artificial defeathering of back and breast; 
Damme, 1984: scoring class 2). Many reports describe the relation between heat 
production and severe feather damage. Richards (1977) measured at ambient 
temperatures of 20 to 25° C »62% higher heat production (measured in W.m"2) in 
hens in scoring classes 4 and 5 (no feathers on «65% of the body surface) than in hens 
in scoring class 1. At temperatures below 20° C this difference becomes progressively 
larger. Complete removal of feathers from neck and breast (»17% of the body 
surface) led to an 18% (i.e. 101 kJ kg3/4 d1) increase in HP at 20° C (Tullett et al, 
1980). Lee et al. (1983) found, at 20° C, the FHP of hens with feather score 4 to be 
48% (or 223 kJ kg"3/4 d"1) larger than for hens with score 1. Damme (1984) found at 
22° C a 39 and 34% larger FHP (at daytime and night-time, respectively) for hens with 
feather score 4 versus score 1. He calculated positive phenotypic correlations (0.22 to 
0.53) between feathering score and FHP. Hence, as mentioned before, correction for 
feathering score reduces genetic variance (heritability) of FHP to some extent. 
Herremans (1987) estimated a significant correlation between heat production and 
index of body plumage wear (also based on a subjective scoring system) of 0.8 and 0.9 
at ambient temperatures of 28 and 6° C, respectively. Only at very high ambient 
temperatures may poorly feathered hens have the lower heat production (Nichelmann 
et al., 1986: above 38° C). 
Observations on feed consumption of well feathered and of poorly feathered 
hens by Hughes (1980), Tullett et al. (1980), Tauson and Svensson (1980), Gonyou and 
Morrison (1983), Damme (1984), Conson (1985) and Herremans (1987) indirectly 
confirmed these findings on heat loss (correlations between feed consumption and 
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some feathering scores range from 0.2 to 0.6). After correcting feed consumption for 
production and body weight Bordas and Mérat (1981), Bentsen (1983b), Damme 
(1984), Conson (1985) and Herremans (1987) estimated correlations between RFC 
and some feathering scores of 0.0 to 0.6. The genetic correlation estimate of Bentsen 
(1983b) was 0.46. Leeson and Morrison (1978) found a 0.7 point difference (in the 
expected direction) in feathering score {i.e. a 13.9 g difference in feather weight) in 
their earlier mentioned high-low sampling study. Hence, correction for production and 
body weight does not completely remove the correlation between feather cover and 
feed consumption. 
Nude body areas 
The effects of the nude body areas (comb, wattles, and legs) on HP resemble 
those for feathering. The heat dissipation by the comb and wattles was estimated by 
Van Kampen and Romijn (1970) to be about 20% of total HP at 22° C. The larger 
these appendages are, the greater will be the heat dissipation. The same may be 
suggested for the shanks. 
Leeson and Morrison (1978) found no significant differences for comb and 
wattle areas between the extreme groups of hens in their earlier mentioned high-low 
sampling study. However, correlations of shank length, width and temperature, comb 
temperature and wattle length with RFC were found to be -0.01 to 0.25 by Bordas and 
Mérat (1981). Bentsen (1983b) reported correlations of comb length and shank surface 
with RFC of 0.12 to 0.26. Katie et al. (1984) gave estimates of -0.03 to 0.05 for 
correlations between RFC and shank, comb and wattle length. Damme and Pirchner 
(1984b) found significant differences in wattle and shank length between their two 
strains (Rhode Island Red and Sussex); phenotypic correlations between RFC and a 
combination of wattle and shank length were 0.23 to 0.33. Tixier et al. (1988) reported 
a significant difference in wattle length of 30% of the mean between two divergent 
selection lines after ten generations of selection for RFC. The difference in comb 
temperature was 5% of the mean (1.8° C). 
In summary, a clear but small correlation between RFC and nude body area 
seems to be present. 
Body temperature 
BMR and therefore RFC may be expected to be dependent on body 
temperature, as it requires a larger heat production to maintain the body at a higher 
temperature. Body temperature does not seem to show much genetic variation, 
however. Bordas and Mérat (1984) found a very small difference in rectal temperature 
of 0.4% (0.17° C) of the mean between two divergent selection lines after seven 
generations of selection for RFC, whereas after ten generations the difference was 
found to be only 0.1% (0.05° C) of the mean (Tixier et al., 1988). These responses 
were in agreement with the observed low phenotypic correlation of Bordas and Mérat 
(1981; 0.01) between rectal temperature and RFC. 
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Body composition 
Clear differences between strains and among individuals within strains have 
been found for fractions of body fat and protein (Neill et al., 1977; MacLeod and 
Shannon, 1978; Bentsen, 1983b; Neumann and Kirchgessner, 1983a; Vogt and 
Harnisch, 1983; Damme, 1984; Rose and Campbell, 1986; Newcombe and March, 
1988). 
Correlations between RFC and depot fat content in abdomen and/or thorax 
were reported by Mérat et al. (1980: -0.16) and Bentsen (1983b; -0.40 to 0.05). The 
genetic correlation between RFC and depot fat in the thorax was -0.45 by Bentsen 
(1983b). He also estimated phenotypic correlations of -0.23 to 0.36 between RFC and 
total body fatness. Damme and Pirchner (1985) estimated a regression coefficient of 
-0.09 g d"1 g"1 for RFC on abdominal fat. Zein-el-Dein et al. (1985) found a significant 
difference in abdominal fat content of 14% of the mean between two divergent 
selection lines after seven generations of selection on RFC. Morrison and Leeson 
(1978) found no differences in protein or fat content between three groups of hens 
with different feed efficiency but similar egg mass and body weight gain. 
In general, body weight differences are largely a reflection of differing amounts 
of fat (Rose and Campbell, 1986). Summarizing, it may be concluded that the effect 
of variation in body composition on RFC is probably small. However, variation in 
BMR is not only caused by variation in body composition but also by variation in body 
size, independent of body composition. Body weight seems not to be a satisfactory 
predictor of BMR in relation to this size component. 
The frequently found negative correlation between fat content and RFC raises 
the presumption that it is maintenance rather than accretion that causes energy 
requirement differences; the maintenance of body fat requires little energy because 
it is relatively metabolically inactive. 
Net energy per unit of product 
Egg composition 
Phenotypic and genetic differences between strains and among individuals 
within strains have been reported for yolk percentage and/or energy content of eggs 
by Tawfik et al. (1976), Hagger (1977), Ambrosen and Rotenberg (1981), Bentsen 
(1983b), Neumann and Kirchgessner (1983b), Sainz et al. (1983) and Damme (1984). 
Yolk contains more energy and therefore requires more feed energy for synthesis than 
does albumen. Some of the differences in feed consumption among hens may be due 
to variable yolk (or energy) content of eggs. 
Yolk weight has been shown by Hurnik et al. (1977) to be correlated with feed 
consumption (rp = 0.5). Correlations with RFC were 0.03 to 0.19 for yolk percentage 
(Bentsen, 1983b; Katie et al, 1984; Pauw, 1987) and 0.22 for yolk/albumen ratio 
(Bordas and Mérat, 1981). The genetic correlation between RFC and yolk percentage 
from Bentsen (1983b) was 0.27. Moreover, Bentsen estimated phenotypic correlations 
between RFC and egg energy content of 0.05 to 0.22. 
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In conclusion, it seems that the effect of egg composition differences on 
differences in RFC is limited. 
Body weight gain 
The variation in BWG by itself seems to be rather large (sd 0.4 to 1.3 g d'1), 
especially in relation to the low mean values (cv 20 to 200%; Hagger, 1977; Leclercq 
et al., 1977; Schild, 1983; Damme, 1984; Pauw, 1987). Heritability estimates are 
between 0.11 and 0.64 and correlations with egg production traits and body weight are 
close to zero (Hagger, 1977; Leclercq et al., 1977; Schild, 1983; Pauw, 1987). 
Therefore, selection for low BWG can be applied independent of body weight and egg 
production, and will reduce the (relatively low) connected energy losses (correlations 
between feed consumption and BWG are in the range 0.07 to 0.42; Herremans, 1987, 
and Pauw, 1987). Leclercq et al. (1977) and Vogt and Harnisch (1983) showed that 
BWG is mainly composed of lipids; BWG thus constitutes a good index of fat 
deposition. This means that BWG has a low variation in energy content and hence in 
energy required for gain. Therefore, variation in RFC is not expected to be caused to 
an important extent by variation in BWG composition. 
Conclusions and discussion 
Multiple regressions within strains followed by comparisons of maintenance 
requirements and net efficiencies between strains seem to be satisfactory methods for 
the study of differences in feed consumption between strains, independent of body 
weight and production. From such studies it can be concluded that variation in RFC 
between strains is mainly caused by variation in maintenance requirements. When 
studying variation in RFC among individuals, multiple regression has to be followed 
by a high-low sampling study. In spite of the limited number of experiments reported 
in the literature it seems that the same conclusion can be drawn for variation among 
individuals within strains as for variation between strains. However, there is a 
particular need for more high-low sampling studies. 
Variations in maintenance requirements can probably be explained by 
variations in feather cover and physical activity, and to a lesser extent by variations in 
basal metabolic rate, area of nude skin, body temperature and body composition. Data 
that quantify activity-related heat production are particularly scarce. It is difficult to 
obtain reliable individual measurements of many of the underlying traits. However, 
residual feed consumption can be used to summarize them in the estimation of genetic 
parameters when studying the feasibility of selecting for feed consumption as an 
addition to selection for egg production and body weight. Further research on traits 
indicating or controlling RFC may reveal possibilities for indirect but less expensive 
selection for feed efficiency. 
Chapter 1: P. Luiting 34 
References 
Ambrosen, T., and S. Rotenberg (1981) External and internal quality and chemical composition of hen eggs 
as related to hen age and selection for production traits. Acta Agric. Scand. 31:139-152. 
Arboleda, C.R., D.L. Harris, and A.W. Nordskog (1976) Efficieny of selection in layer type chickens by using 
supplementary information on feed consumption. 2. Application to net income. Theor. Appl. Genet. 
48:75-83. 
Balnave, D. (1974) Biological factors affecting energy expenditure. Pages 25-46 in: Morris, T.R., and B.M. 
Freeman, eds. Energy requirements of poultry. Br. Poultry Sei. Ltd., Edinburgh, UK. 
Balnave, D., DJ . Farrell, and R.B. Cumming (1978) The minimum metabolizable energy requirement of 
laying hens. World's Poultry Sei. J. 34:149-154. 
Bentsen, H.B. (1979) Energy utilization in egg production. Variation and improvement in the Norwegian 
laying stock 1969-1977. Sei. Rep. Agric. Univ. Norway 58(32), 15 pp. 
Bentsen, H.B. (1983a) Genetic variation in feed efficiency of laying hens at constant body weight and egg 
production. 1. Efficiency measured as a deviation between observed and expected feed consumption. Acta 
Agric. Scand. 33:289-304. 
Bentsen, H.B. (1983b) Genetic variation in feed efficiency of laying hens at constant body weight and egg 
production. 2. Sources of variation in feed consumption. Acta Agric. Scand. 33:305-320. 
Bordas, A., and P. Mérat (1975) Enregistrement sur une courte periode de la consommation d'aliment chez 
la poule pondeuse pour l'étude génétique de l'efficacité alimentaire. Ann. Génét. Sél. anim. 7:331-334. 
Bordas, A., and P. Mérat (1981) Genetic variation and phenotypic correlations of food consumption of laying 
hens corrected for body weight and production. Br. Poultry Sei. 22:25-33. 
Bordas, A., and P. Mérat (1984) Réponses liées dans une expérience de selection sur la consommation 
alimentaire "résiduelle" de coqs et poules Rhode-Island. Pages 106-108 in: Proc. 17th. Wrld. Poultry Cgrs. 
Helsinki, Finland. 
Boshouwers, F.M.G., and E. Nicaise (1985) Automatic gravimetric calorimeter with simultaneous recording 
of physical activity for poultry. Br. Poultry Sei. 26:531-541. 
Burlacu, G., and M. Baltac (1971) Efficiency of the utilization of energy of food in laying hens. J. Agric. Sei., 
Cambridge 77:405-411. 
Byerly, T.C., J.W. Kessler, R.M. Gous, and O.P. Thomas (1980) Feed requirements for egg production. 
Poultry Sei. 59:2500-2507. 
Chwalibog, A. (1985) Studies on energy metabolism in laying hens. PhD Thesis, Statens Husdyrbrugsforsog 
Kobenhavn, Denmark, 139 pp. 
Conson, M. (1985) Überprüfung einer Methode zur Beurteilung des Gefieders von Legehennen unter 
Verwendung eines nach verschiedenen Herkünften und Behandlungen strukturierten Tiermaterials. PhD 
Thesis, Rheinische Friedrich-Wilhelms-Univ. Bonn, FRG, 127 pp. 
Damme, K. (1984) Genetische und phänotypische Beziehungen zwischen Produktionsmerkmalen und dem 
Energiestoffwechsel von Legehennen. PhD Thesis, Technische Univ. München, Freising-Weihenstephan, 
FRG, 166 pp. 
Damme, K., and F. Pirchner (1984a) Genetic differences of feather loss in layers and effects on production 
traits. Arch. Geflügelkd. 48:215-222. 
Damme, K., and F. Pirchner (1984b) Predicting daily feed intake of laying hens by supplementary 
information on wattle, shank and bare body surface. 35th. EAAP, Den Haag, Netherlands, 5pp. 
Damme, K., and F. Pirchner (1985) Ursachen for den Restfutterverzehr von Legehennen: Unterschieden 
im Hungerumsatz, dem Federgewicht und Depottfettanteil. 36th. EAAP, Thessaloniki, Greece, 4 pp. 
Damme, K., T. El-Sayed, and F. Pirchner (1984) The fasting metabolic rate of white and brown egg layers 
and broiler dams of different age. Arch. Geflügelkd. 48:77-81. 
El-Sayed, T. M. (1988) Schätzung genetischer Parameter des Stoffwechsels verschiedener 
Legehennenherkünfte und dessen genetische Korrelationen zu Leistungsmerkmalen. PhD Thesis, 
Technische Univ. München, Freising-Weihenstephan, FRG, 135 pp. 
Emmans, G.C., and P. Dun (1980) Feather loss in layers. ADAS Minist. Agric, Fisheries and Food, 
Gleadthorpe Exp. Husb. Farm, Poultry Booklet (7):46-53. 
Literature review: residual feed consumption 35 
Fairfull, R.W., and R.S. Gowe (1979) Feed consumption and feed efficiency in selected and control strains 
of egg stocks under long term selection for a complex of economic traits. Pages 230-245 in: Robertson, 
A., ed. Selection experiments in laboratory and domestic animals. Commonwealth Agric. Bureau, Slough, 
UK. 
Fairfull, R.W., and J.R. Chambers (1984) Breeding for feed efficiency: poultry. Can. J. Animal Sei. 
64:513-537. 
Farrell, D J . (1974) General principles and assumptions of calorimetry. Pages 1-24 in: Morris, T.R., and B.M. 
Freeman, eds. Energy requirements of poultry. Br. Poultry Sei. Ltd, Edinburgh, UK. 
Farrell, DJ . (1975) A comparison of the energy metabolism of two breeds of hens and their cross using 
respiration calorimetry. Br. Poultry Sei. 16:103-113. 
Foster, W.H. (1968a) Variation between and within birds in the estimation of the metabolizable energy 
content of diets for laying hens. J. Agric. Sei., Cambridge 71:153-159. 
Foster, W.H. (1968b) The response of Brown Leghorn and Light Sussex laying flocks to dilution of the diet. 
Record Agric. Res. 17:13-17. 
Gonyou, H.W., and W.D. Morrison (1983) Effects of defeathering and insulative jackets on production by 
laying hens at low temperatures. Br. Poultry Sei. 24:311-317. 
Gous, R.M., T.C. Byerly, O.P. Thomas, and J.W. Kessler (1978) A partition equation to predict food and 
energy intake by laying hens. Pages 1-8 in: Proc. 16th. Wrld. Poultry Cgrs. Vol. 2. Rio de Janeiro, Brazil. 
Grimbergen, A.H.M. (1970) The energy requirement for maintenance and production of laying hens. 
Netherlands J. Agric. Sei. 18:195-206. 
Hagger, C. (1977) Phänotypische und genetische Untersuchungen zur Futterverwertung der Legehenne. PhD 
Thesis, Eidgenössische Technische Hochschule, Zürich, Switzerland, 86 pp. 
Hagger, C , and H. Abplanalp (1978) Food consumption records for the genetic improvement of income over 
feed costs in laying flocks of White Leghorn. Br. Poultry Sei. 19:651-667. 
Heil, G., and W. Hartmann (1980) Feed wastage in strains of crossbred hens from Leghorn lines selected 
for egg production and feed efficiency. Pages 147-155 in: Proc. 6th. Eur. Poultry Conf. Vol. 2. Hamburg, 
FRG. 
Heil, G., C. Otto, and G. Sodeicat (1982) Zur Unruhe von Legehennen vor der Eiablage bei Haltung in 
Einzelkäfigen. Arch. Geflügelkd. 46:62-69. 
Herremans, M. (1987) Het belang van de bevederingstoestand voor de thermoregulatie en de produktie-
efficientie bij leghennen. PhD Thesis, Katholieke Univ. Leuven, 121 pp. 
Hoffmann, L., and R. Schiemann (1973) Die Verwertung der Futterenergie durch die legende Henne. Arch. 
Tierernährung 23:105-132. 
Hughes, B.O. (1980) Feather damage in hens caged individually. Br. Poultry Sei. 21:149-154. 
Hurnik, J.F., J.D. Summers, and W.D. Morrison (1973) Some factors influencing feed wastage. Poultry Sei. 
52:. 1665-1667. 
Hurnik, J.F., J.D. Summers, B.S. Reinhart, and E.M. Swierczewska (1977) Effect of age on the performance 
of laying hens during the first year of production. Poultry Sei. 56:222-230. 
Katie, J., H.B. Bentsen, and B.O. Braastad (1984) Correlated traits with residual feed consumption. Pages 
136-138 in: Proc. 17th. Wrld. Poultry Cgrs. Helsinki, Finland. 
Kemp, B. (1985) Beschrijving, meetmethoden en energiekosten van activiteit bij legpluimvee. Een 
literatuuroverzicht. MSc Thesis, Wageningen Agric. Univ., Wageningen, Netherlands, 28 pp. 
Kirchgessner, M., and O. Voreck (1980) Zur Umsetzbarkeit der Futterenergie bei der Legehenne in 
Abkängigheit von der Energie- und Proteinversorgung. Arch, für Geflügelkd. 44:61-66. 
Leclercq, B., J.C. Blum, and J.P. Boyer (1977) Signification and genetic control of body weight change in 
the hen during the laying period. Arch. Geflügelkd. 41:121-124. 
Lee, B.D., W.D. Morrison, S. Leeson, and H.S. Bailey (1983) Effects of feather cover and insulative jackets 
on metabolic rate of laying hens. Poultry Sei. 62:1129-1132. 
Leeson, S., and W.D. Morrison (1978) Effect of feather cover on feed efficiency in laying birds. Poultry Sei. 
57:1094-1096. 
Leeson, S., D. Lewis, and D.H. Shrimpton (1973) Multiple linear regression equations for the prediction of 
food intake in the laying fowl. Br. Poultry Sei. 14:595-608. 
Chapter 1: P. Luiting 36 
MacLeod, M.G. (1984) Factors influencing the agreement between thermal physiology measurements and 
field performance in poultry. Arch. Exp. Veterinär Medizin 38:399-410. 
MacLeod, M.G., and D.W.F. Shannon (1978) Effects of food intake regulation on the energy metabolism 
of laying hens. Br. Poultry Sei. 19:349-363. 
MacLeod, M.G., and T.R. Jewitt (1984) Orcadian variation in the heat production rate of the domestic fowl, 
Gallus domesticus: effects of limiting feeding to a single daily meal. Comp. Bioch. Phys. 78A:687-690. 
MacLeod, M.G., and T.R. Jewitt (1988) Maintenance energy requirements of laying hens: a comparison of 
measurements made by two methods based on indirect calorimetry. Br. Poultry Sei. 29:63-74. 
MacLeod, M.G., S.G. Tullett, and T.R. Jewitt (1979) Effects of food intake regulation on the energy 
metabolism of hens and cockerels of a layer strain. Br. Poultry Sei. 20:521-531. 
MacLeod, M.G., T.R. Jewitt, J. White, M. Verbrugge, and M.A. Mitchell (1982) The contribution of 
locomotor activity to energy expenditure in the domestic fowl. Pages 197-200 in: Proc. 9th. Symp. Energy 
Metabolism of Farm Animals. EAAP Publication (29), Lillehammer, Norway. 
MacLeod, M.G., T.R. Jewitt, and J.E.M. Anderson (1988) Energy expenditure and physical activity in 
domestic fowl kept on standard and interrupted lighting patterns. Br. Poultry Sei. 29:231-244. 
McDonald, M.W. (1985) Genetic variation for food consumption in Australian layers. Pages 345-347 in: Proc. 
5th. AAABG Conf., Sydney, Australia. 
Mérat, P., A. Bordas, and F.H. Ricard (1980) Composition anatomique, production d'oeufs et efficacité 
alimentaire de poules pondeuses. Correlations phenolypiques. Ann. Génét. Sél. anim. 12:191-200. 
Mills, A.D., D.G.M. Wood-Gush, and B.O. Hughes (1985) Genetic analysis of strain differences in pre-laying 
behaviour in battery cages. Br. Poultry Sei. 26:187-197. 
Mitchell, MA., M.G. MacLeod, and A. Raza (1986) The effects of ACTH and dexamethasone upon plasma 
thyroid hormone levels and heat production in the domestic fowl. Comp. Bioch. Phys. 85A:207-215. 
Morrison, W.D., and S. Leeson (1978) Relationship of feed efficiency to carcass composition and metabolic 
rate in laying birds. Poultry Sei. 57:735-739. 
Neill, A.R., K.G. Reichmann, and J.K. Connor (1977) Biochemical, physiological and production indices 
related to fat metabolism in the laying fowl at various stages of physiological development. Br. Poultry 
Sei. 18:315-324. 
Nesheim, M.C. (1975) Genetic variation in nutritional requirements of poultry. Pages 47-87 in: The effect 
of genetic variance on nutritional requirements of animals. National Academy Sei., Washington D.C., 
USA. 
Neumann, F.J., and M. Kirchgessner (1983a) Effects of different levels of dietary energy and protein supply 
on live weight and on deposition of protein and energy in the body of laying hens. Arch. Geflügelkd. 
47:186-191. 
Neumann, F.J., and M. Kirchgessner (1983b) Effects of different levels of dietary energy and protein supply 
on egg production of laying hens. Arch. Geflügelkd. 47:201-206. 
Neumann, FJ., and M. Kirchgessner (1984) Zum Einfluss einer unterschiedlichen Energie- und 
Rohproteinversorgung auf die Umsetzbarkeit der Futtcrenergie bei Legehennen. Z. Tierphysiologie, 
Tierernährung und Futtermittelkunde 51:106-111. 
Newcombe, M., and B.E. March (1988) Food intake and abdominal adipose tissue in White Leghorn hens 
fed diets of different protein and energy concentrations. Br. Poultry Sei. 29:311-323. 
Nichelmann, M., E. Baranyiova, R. Goll, and B. Tzschenlke (1986) Influence of feather cover on heat 
balance in laying hens (Gallus domesticus). J. Thermal Biology 11:121-126. 
O'Neill, S J.B., and N. Jackson (1974) The heat production of hens and cockerels maintained for an extended 
period of time at a constant environmental temperature of 23 C. J. Agric. Sei., Cambridge 82:549-552. 
Pauw, R. (1987) Analyse verschiedener Selektionskritericn zur Effizienzbewertung bei Legehennen. PhD 
Thesis, Rheinische Friedrich-Wilhelms-Univ., Bonn, FRG, 165 pp. 
Richards, SA. (1977) The influence of loss of plumage on temperature regulation in laying hens. J. Agric. 
Sei., Cambridge 89:393-398. 
Romijn, C , and W. Lokhorst (1961) Some aspects of energy metabolism in birds. Pages 49-59 in: Proc. 2nd. 
Symp. Energy Metabolism of Farm Animals. EAAP Publication (10), Wageningen, Netherlands. 
Rose, S.P., and V. Campbell (1986) Fatness in laying hens and induced moulting regimes. Br. Poultry Sei. 
27:369-377. 
Literature review: residual feed consumption 37 
Sainz, F., M. Gonzalez, P. Roca, and M. Alemany (1983) Physical and chemical nature of eggs from six 
breeds of domestic fowl. Br. Poultry Sei. 24:301-309. 
Schild, H J . (1983) Genetische Parameter von Leistungs- und Eiqualitätsmerkmalen von Legehennen in der 
zweiten Legeperiode. PhD Thesis Technische Univ. München, Freising-Weihenstephan, 130 pp. 
Tauson, R. (1979) Feed waste by caged layers. 1. A method of estimating the technical feed waste in 
different cages and feeding systems. Swedish J. Agric. Res. 9:. 83-93. 
Tauson, R., and SA. Svensson (1980) Influence of plumage condition on the hen's feed requirement. 
Swedish J. Agric. Res. 10:35-39. 
Tawfik, E.S., P. Horst, and J. Petersen (1976) Untersuchungen an Legehennen über genetische Fundierung 
und Beziehungen von Legeleistung, Legereife, Körpergewicht und Kriterien der Eibeschaffenheit. 2. 
Mitteilung: Phänotypische und genetische Beziehungen. Arch. Geflügelkd. 45:166-175. 
Tixier, M., A. Bordas, and P. Mérat (1988) Divergent selection for residual feed intake in laying hens: effects 
on growth and fatness. Pages 129-132 in: Leclercq, B., and C.C. Whitehead, eds. Leanness in domestic 
birds: Genetic, metabolic, and hormonal aspects. INRA and Butterworths, London, UK. 
Tullett, S.G., M.G. Macleod, and T.R. Jewitt (1980) The effects of partial defeathering on energy metabolism 
in the laying fowl. Br. Poultry Sci.21: 241-245. 
Van Es, A.J.H. (1980) Energy costs of protein deposition. Pages 215-224 in: Buttery, P J., and D.B. Lindsay, 
eds. Protein deposition in animals. Butterworths, London, UK. 
Van Kampen, M. (1981) Water balance of colostomised and non-colostomised hens at different ambient 
temperatures. Br. Poultry Sei. 22:17-23. 
Van Kampen, M., and C. Romijn (1970) Energy balance and heat regulation in the White Leghorn fowl. 
Pages 213-216 in: Proc. 5th. Symp. Energy Metabolism in Farm Animals. EAAP Publication (13), Vitznau, 
Switzerland. 
Vogt, H., and S. Harnisch (1983) Veränderung der Zusammensetzung der Legehennenkörper während des 
Legejahres. Arch. Geflügelkd. 47:142-147. 
Waring, J.J., and W.O. Brown (1965) A respiration chamber for the study of energy utilization for 
maintenance and production in the laying hen. J. Agric. Sei., Cambridge 65:139-146. 
Waring, J.J., and W.O. Brown (1967) Calorimetric studies on the utilization of dietary energy by the laying 
White Leghorn hen in relation to plane of nutrition and environmental temperature. J. Agric. Sei., 
Cambridge 68:149-155. 
Wing, T.L., and A.W. Nordskog (1982) Use of individual records in a selection programme for egg 
production efficiency. 1. Heritability of the residual component of feed efficiency. Poultry Sei. 61:226-230. 
Zein-El-Dein, A., A. Bordas, and P. Mérat (1985) Sélection divergente pour la composante "résiduelle" de 
la consommation alimentaire des poules pondeuses: effets sur la composition corporelle. Arch. 
Geflügelkd. 49:158-160. 
39 
Chapter 2 
Optimization of a model to estimate 
residual feed consumption 
in the laying hen 
P. Luiting and E.M. Urff 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 338, 
6700 AH Wageningen, The Netherlands 
Published in: Livestock Production Science 27:321-338 (1991) 
Reproduced by permission of Elsevier Science Publishers B.V. ® 
41 
Optimization of a model to estimate 
residual feed consumption in the laying 
hen 
P. Luiting and E.M. Urff 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 338, 
6700 AH Wageningen, The Netherlands 
Multiple regression models for metabolisable energy consumption of White 
Leghorn laying hens were investigated. The animals were housed individually in cages 
during a 44 week laying period and fed either one of two diets of different energy 
density. Every 4 weeks, individual records on feed consumption, body weight, egg 
mass, egg number and number of abnormal eggs were available. Also age at first egg 
was recorded. Residual analysis of regression of metabolizable energy consumption 
(MECD) on metabolic body weight (MBW3/4), egg mass (EMD) and body weight gain 
(BWG) showed significant effects of time and diet. Tests for these effects on the 
regression parameter estimates showed significant differences over time. In the 
regression model several alternatives for the energy demanding processes of 
maintenance, egg production and weight gain were compared. Additions of age at first 
egg and two-way interactions were also studied. Comparisons and additions were 
evaluated on the basis of F-test probabilities for improvement of goodness of fit. Only 
addition of an intercept (or non-linear regression with MBW) and using egg mass 
adjusted for abnormal eggs (EMDc) instead of EMD gave significant improvement 
of fit. The important role for this optimization of the subdivision of the laying period 
in short time intervals is discussed. Finally, the trait residual feed consumption is 
defined as the regression residual from the optimum model of MECD on MBW3/4, 
EMDc and BWG (including an intercept) within short time periods and within diet, 
and will be used for further study on the possibilities for selection. 
Introduction 
Feed costs are 60-70% of the total production costs in species fed on 
concentrates. Therefore, improvement of feed efficiency should be one of the main 
aims of breeding. Feed efficiency has been improved mainly as a correlated response 
to selection for a higher production level and in some species through deliberate 
reduction of maintenance requirements by selection for a lower adult body weight. 
The rate of progress in feed efficiency is decreasing (Bentsen, 1987) and 
attention has been focused on direct selection. However, this requires measurement 
of individual feed consumption, which is time consuming and therefore very expensive: 
the possible benefits are commonly thought to be lower than the costs involved. But 
direct selection on feed efficiency ratio may be not the best way to improve this 
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component trait because of complex additive and multiplicative relations, and because 
of the antagonism between the desirable responses of production and feed 
consumption. In order to achieve a more optimum way of improvement, partitioning 
feed efficiency in terms of its components may picture more clearly its biology and 
economics. 
Summarized (Luiting, 1990) from many multiple regression reports, a large 
fraction of the variance of feed consumption between individual laying hens within 
strains appears to be unexplained by metabolic body weight (MBW), egg mass 
production (EM) and body weight gain (BWG); this fraction corresponds to a residual 
standard deviation of about 47 to 180 kJ ME d"1. This unexplained term is referred 
to as "residual feed consumption" (RFC), defined operationally as the difference 
between the true feed consumption of an animal and its consumption predicted by 
multiple regression. The magnitude of the variation in RFC is comparable for various 
species (beef cattle, Koch et al., 1963; growing and finishing pigs, Foster et al., 1983; 
dairy cattle, Korver, 1988; laying hens, Luiting, 1990). 
This unexplained variation may have two kinds of causes: measuring errors and 
variations among individuals in maintenance requirements per metabolic kilogram, in 
partial efficiency per unit product, or in energy demanding processes not accounted 
for (such as thermoregulation and activity). The latter kind might be promising from 
a breeding point of view: these variations, once they are quantified and validated, may 
become important extra tools for improvement of feed efficiency. 
Of course, the size and distribution of the residuals will depend heavily on the 
model used; the model should describe the processes of production and maintenance 
as correctly as possible. With respect to production, correlations between RFC and 
several measures for dry matter content of egg production, and a difference in partial 
energetic efficiency between positive and negative body weight gain were found in the 
literature on laying hens (Luiting, 1990). For maintenance, differences are known with 
(physiological) age, and the magnitude of variation in maintenance per metabolic 
kilogram between laying hens is dependent on the exponent chosen and on the egg 
production levels (Luiting, 1990). 
The study described here deals with the optimum design of multiple regression 
models for the feed consumption of hens of a White Leghorn (WL) population during 
a 44 week laying period. Possible improvements are studied: addition of egg weight 
as a measure of dry matter content of egg production, distinction between positive and 
negative body weight gain, regression within short time periods, addition of age at first 
egg as a measure of physiological age, variation in the exponent of metabolic body 
weight and addition of interaction effects between production and maintenance. 
Morris (1972) suggested that differences in partial energetic efficiencies between 
laying hens are expressed more clearly at a suboptimum energy consumption. To make 
use of this, the animals in this study were fed with one of two diets which differed in 
energy density. 
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Material and methods 
Stock 
A random bred population based on four different WL lines (Timmermans, 
1984) was created in 1983. For this study the 1985 generation was used. It consisted 
of 704 hens in 94 half-sib (HS) groups of 3 or 4 full-sib (FS) pairs (352 FS pairs 
totally). 
Rearing 
Day-old pullets were randomly distributed over 75 battery cages (dimensions 
100 * 50 * 40 cm). Initially 20 pullets were housed per cage; this was decreased 
gradually to 13 pullets at 18 weeks of age. Feeding was ad libitum with two 
commercial diets (a starter feed with 11.7 kJ ME g"1 and 19.7% crude protein (CP) 
up to 6 weeks, and a grower feed with 11.7 kJ ME g"1 and 17.8% CP from 6 to 18 
weeks). Beak trimming was carried out at 32 days of age. The ambient temperature 
was decreased from 32° C in the first week to 20° C in the fifth week with steps of 3° 
C per week. The duration of lighting was gradually decreased from 23 h in the first 
week to 8 h in the fifth week, and was kept at this level until the end of the rearing 
period. 
Feeding of layers 
From 18 weeks of age, when the animals were transferred to individual battery 
cages, one member of each FS pair was fed a commercial diet and the other one a 
low energy diet (Table 1). Feeding was ad libitum in both cases. 
Housing of layers 
Individual cages (dimensions 25 * 35 • 40 cm) were in two-tier-batteries in two 
rooms. Each room contained two pairs of two columns. Each column * tier 
combination (a "row") was 44 cages in length. The feeds were distributed over rooms 
and columns in such a way that the feeding system was feasible and reliable (see 
Figure 1 for the layout). Within each HS group, complete FS pairs were distributed 
over rooms. The duration of lighting was gradually increased up to 16 h in the 30th 
week, and was kept at this level until the end (64th week). 
Measurements 
Measurements were started in September 1985, when birds were 20 weeks of 
age, and continued up to 64 weeks of age. Individually measured and derived traits are 
listed in Table 2. Because of the frequency of determination of the body weights, the 
data were processed at 4 week periods. Feed consumption was measured by a 
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weighback of residues in the individual feed troughs, which were designed to prevent 
feed wastage. ME consumption (MECD) was computed from the feed compositions 
(Table 1). For this, the assumption was made that differences in metabolizability of 
feed energy among animals are negligible (Luiting, 1990). 
TABLE 1. Composition of the feeds 
Ingredient 
Maize 
Oats 
Wheat 
Wheat middlings 
Soy bean meal solv. extracted 
Soy beans (toasted) 
Alfalfa meal 
Chalk 
Ca2P04 
Premix 
Animal fat 
Computed: 
ME (MJ kg1) 
CP (g kg1) 
Dig. lys. (g kg1) 
Dig. met. (g kg'1) 
Dig. met. + cys. (g kg"1) 
Linoleic acid 
Ca 
P total 
P available 
Commercial diet 
50% 
4.5% 
10% 
-
16.8% 
3% 
3% 
6.5% 
1.5% 
2% 
2.7% 
11.7 
155 
6.00 
3.22 
5.51 
18.28 
36.00 
6.15 
4.02 
Low energy diet 
28.7% 
25% 
10% 
10% 
14.3% 
-
3% 
6% 
1.2% 
1.8% 
-
10.0 
152 
5.40 
2.95 
5.23 
16.45 
32.80 
6.40 
3.68 
Occurrence of abnormal eggs (soft-shelled, double-yolk and very small, 
apparently yolkless, eggs) was recorded and, in the latter two cases, eggs were 
weighed. The weights of soft-shelled eggs were estimated as the mean of normal-
shelled egg weights per animal reduced by 0.7% (assuming that shell is 10% of egg 
weight and contains 0.5 kJ g"1, and a normal-shelled egg contains 7.6 kJ g"1; Sibbald, 
1979). Daily egg mass production (EMD) and daily egg production (EPD) contain the 
total weight and number of eggs, including (estimated) weight and number of all 
abnormal eggs, respectively. For computation of corrected egg mass production 
(EMDc) and corrected mean egg weight (MEWc) double-yolk and small yolkless eggs 
were transformed to weights at a normal energy density by using regression formulae 
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of energy content on egg weight for these abnormalities and for normal eggs (Sibbald, 
1979). 
^•column 
room 1 room 2 
•*• 1 to 16 indicate row numbers 
shaded = rows wi th commercial diet 
not shaded = rows wi th low energy diet 
FIGURE 1. Layout of housing of layers 
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TABLE 2. Individually measured and derived traits 
Measured traits 
Feed consumption 
Body weight (BW) 
Egg mass 
Egg production 
Abnormal egg production 
Age at first egg (AFE) 
Derived traits (per 4 week period) 
Daily feed consumption 
Daily energy consumption 
Mean body weight 
Mean metabolic body weight 
Daily body weight gain 
Daily egg mass production 
Daily egg production 
Mean egg weight 
Percentage of abnormal eggs 
Corrected egg mass production 
Corrected mean egg weight 
Unit 
g 
g 
g 
No. 
No. 
day (of age) 
(FCD) 
(MECD) 
(MBW) 
(MBW3/4) 
(BWG) 
(EMD) 
(EPD) 
(MEW) 
(PAE) 
(EMDc) 
(MEWc) 
Measured per 
1 week (continuously) 
4 weeks (at the start and the end) 
3 or 4 days (continuously) 
3 or 4 days (continuously) 
3 or 4 days (continuously) 
first observed egg 
Unit 
gd-1 
kJ ME d ' 
g 
kg3'4 
gd"1 
g d ' 
No. d ' 
g 
% 
g * 1 
g 
Exclusion of observations 
A total of 704 animals and eleven 4 week periods would result in 7744 possible 
observations for each variable. Missing values for animals that died during the 
experiment amounted to 1.5% of all possible observations. The observations for all 
variables of animals that (temporarily) stopped laying before the 64th week were 
discarded from analysis for the periods without eggs (1.1% of all possible 
observations). Furthermore, outlier analysis was performed with the sample kurtosis 
as the test statistic (Barnett and Lewis, 1978) and a 5% significance level. The 
observations for all variables of animals that were detected as outliers for a certain 
variable (another 2.3%) were discarded from analysis for the periods with the outliers. 
Summarized, 95.1% of all possible observations were used for analyses. 
Analysis of variables 
The environmental effects on all derived traits separately (Table 2) were tested 
per period by means of F-tests using a split-plot model (PROC GLM, SAS Institute 
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Inc., 1985); the effects of feeds and rooms were tested against the random effect of 
column, and the effect of tiers against the random effect of row: 
Yijkta, = M + F, + Rj + eujk + T, + e2,iJkl + e,,ijklm (1) 
where Yijklm = a specific trait per period and per animal; fi = overall mean common to all data; F; = 
fixed effect of feed (i = 1,2); Rj = fixed effect of room (j = 1,2); eujk = random effect of column within 
feed and room (k = 1,2); T, = fixed effect of tier (1 = 1,2); e2iijU = random interaction effect of column 
with tier (i.e. random effect of row); e3ijk]m = random effect of animal within row (m = 1,..,!^,; Nijkl = 
number of available animals within row ijkl). 
The period effects on the traits were tested by means of orthogonal polynomials 
of row averages of the traits on period number (PROC GLM, SAS Institute Inc., 
1985). 
Residual analysis 
Residuals were calculated by means of a regression of MECD on MBW3''4, 
EMD and BWG, without an intercept, in the whole dataset. To test the environmental 
and period effects on these residuals (Draper and Smith, 1981) the same procedures 
were performed as indicated for the analysis of the derived traits with the exception 
that, in model (1), Y;jklm is a residual per period and per animal. 
Analysis of regression parameter estimates 
When the residual analysis indicates significant effects of some environmental 
factors and/or periods, the effects of these on the separate regression parameter 
estimates become of interest. To test these effects the same procedure could be 
performed as was indicated for the derived traits. However, regression parameters 
cannot be estimated for individual animals per period. Therefore, they were calculated 
per row per period. Testing of environmental effects was performed by the following 
split-plot model: 
Ym = M + F, + Rj + eUjk + T, + e2,,jkl (2) 
where Yijk] = a specific regression coefficient per period and row; /J, Fj, Rj, e, iJk, T„ e2 iia have the same 
definitions as mentioned under model (1). 
Testing of period effects was by means of orthogonal polynomials of row 
estimates separately on period number. 
Optimization of the regression model 
Egg production 
The simplest approximation for metabolizable energy (ME) consumed related 
to egg production is the total mass of egg production (EMD). This means that 
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differences in egg composition are not taken into account. Egg weight is highly 
correlated with the DM and energy contents of egg production (Sibbald, 1979, Damme 
et al., 1982). Thus, an approach to account for these egg composition differences 
would be to add MEW to the regression model. Because EMD = EPD * MEW, the 
extra addition of EPD to the model will make use of all available information. This 
leads to the following alternative approximation for ME consumed related to egg 
production in the regression model: 
b1E1 + EMD + b2E1 • MEW + b3E1 * EPD (El) 
Alternatively, a better approximation than EMD alone may be the product of 
EMD and some function that describes the egg energy density, which may be a linear 
function of the weights of eggs laid. Again, making use of all information leads to a 
second alternative: 
EMD * (biEj + b2E2 * MEW + b3E2 * EPD) = 
b1E2 * EMD + bjEj * EMD + MEW + b3E2 * EMD * EPD = 
b1B2 • EMD + b2E2 + EPD • MEW2 + b3E2 + MEW * EPD2 (E2) 
Possibly, an even better estimation of egg composition can be achieved by 
correction for double-yolk and small yolkless eggs. This was studied by replacing EMD 
and MEW by corrected egg mass production (EMDc) and corrected mean egg weight 
(MEWc), respectively. 
Body weight gain 
The simplest approximation for ME consumed related to body weight gain is 
its total mass (BWG). A better approximation than BWG alone might be the addition 
of information over the sign of BWG. Because the partial energetic efficiency of feed 
ME for body weight gain is lower than the energetic efficiency of catabolisation of 
body mass, different regression coefficients for positive and negative BWG may be 
expected (Hoffmann and Schiemann, 1973). This leads to the following alternative for 
the approximation of ME consumed related to body weight gain: 
b1G1 • BWG + POSNEG; + b ^ + BWG, (Gl) 
POSNEGj = effect with two classes indicating positive and negative BWG (i = 1,2). 
A quadratic approximation of this leads to a second alternative: 
b1G2 * BWG + b2G2 * BWG2 (G2) 
Body maintenance 
The simplest approximation of the amount of ME consumed in relation to 
maintenance involves a function of body weight with a zero intercept and an exponent 
of 3/4 (MBW3/4), following from analyses between species and ages (Mount, 1979). 
However, in this study analyses were performed within species and narrow age classes 
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(4 weeks), which means that another exponent (a) than 3/4 may well provide a better 
fit. With the body weight measurements at the start and the end of each 4 week 
period, this leads to the following non-linear alternative approximation of the amount 
of ME consumed for maintenance (with a as a parameter to be estimated; using the 
Marquardt non-linear regression method of PROC NLIN, SAS Institute Inc., 1985): 
b1M1 * (BW," + BW2 ')/2 (Ml) 
An approximation of this by inclusion of an intercept (b0) into the model leads 
to the following alternative: 
boM2 + b 1 M 2 + MBW 3 ' 4 (M2) 
To avoid confounding of the regression variables across the processes of 
maintenance and production, alternatives for egg production and body weight gain 
were evaluated while temporarily treating the other variables in the model as discrete. 
For this purpose, classes with a small range were made by taking as few as possible 
consecutive observations together. The alternatives El, E2, Gl and G2 were tested 
for improvement of fit by means of an F-test (PROC GLM, SAS Institute Inc., 1985). 
This procedure was performed within rows (16 in total) and 4 week periods (11 in 
total), because row was considered to be the experimental unit with repeated 
measurements. For each period the one-sided Kolmogorov-Smirnov one-sample test 
(KS; Steel and Torrie, 1980) was used to test the hypothesis that the 16 F probabilities 
(which are independent sample values of the same population parameter) came from 
a uniform distribution between 0 and 1. Rejection of this hypothesis would lead to the 
conclusion that the alternative improves the fit of the model significantly. After having 
found in this way the optimum approximations of ME consumed for egg production 
and body weight gain, the alternatives for maintenance, Ml and M2, were evaluated. 
These alternatives were tested in the same way as the alternatives for the two 
production processes. In this way the three metabolic processes could be investigated 
consecutively without presuppositions about the others. Finally, the addition of age at 
first egg, as a way to adjust for differences between animals in physiological age, and 
of all possible two-way interactions were analyzed in the same way. 
In summary, alternatives were evaluated consecutively through the following 
scheme within 16 experimental units (rows) with 11 repetitions (periods): 
metabolic energy consumption = [egg production] + [body weight gain] + [maintenance] + 
[age at first egg] + [interactions] 
Stability of estimates 
After the optimum model was determined, Cook's D values per observation 
were calculated. These values quantified the influence of each observation on the 
regression coefficient estimates (Cook, 1977). Observations with D values exceeding 
the 10% significance level were removed from the analysis of the optimum model to 
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estimate the final regression coefficients. This should produce results with a better 
stability, Le. a larger chance of being repeatable. 
Results 
All variables showed normal time trends (Figure 2), except in period 7 (when 
the minimum ambient temperature was low and many animals were handled more 
frequently than usual because they were inseminated artificially). In all periods 
animals fed the low energy diet consumed, on average, 12 g d'1 more (P<0.10) than 
animals fed the commercial diet. Nevertheless, in the low energy group compensation 
in energy consumption by consuming more of the diet was not complete: from the 
second period onwards, the low energy diet group consumed significantly less energy 
(on average, 43 kJ ME d'1 less). This seems to be associated with the significant 
difference in body weight from period 3 onwards. The low energy diet animals were, 
on average, 77 g less heavy and their body weight gain was significantly lower in four 
out of eleven periods. In the majority of the 4 week periods significant but very small 
differences between the feeds were detected for mean egg weight (MEW) and 
percentage of abnormal eggs; the commercial diet animals laid slightly heavier eggs 
with slightly more abnormalities. 
The variables BWG, EMD, EMDc, MEW and MEWc showed significant but 
very small differences between the two rooms in most periods. There was also a small 
difference in age of first egg (AFE). The animals in the upper tier gained significantly 
but slightly less weight (BWG) and produced slightly more eggs (EPD), and thereby 
more egg mass (EMD), than those in the lower tier. 
Residual analysis 
Analysis of environmental effects on the residuals showed a significant 
(P<0.10) feed effect in 7 out of 11 periods (averaged in these periods the low energy 
diet group had a residual of -3.0 kJ ME d"1 versus 13.3 kJ ME d"1 for the commercial 
diet group). The effects of room and tier were not significant in most periods (see 
Table 3). 
TABLE 3. F probabilities (-* 1000) of environmental effects on the residuals per period 
Environmental 
factors 
Feed 
Room 
Tier 
Period number 
1 
754 
683 
310 
2 
007 
883 
281 
3 
048 
371 
859 
4 
072 
500 
412 
5 
173 
960 
845 
6 
231 
048 
657 
7 
025 
621 
119 
8 
011 
182 
945 
9 
001 
185 
822 
10 
012 
672 
967 
11 
362 
210 
422 
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period number 
C diet i LE diet 
FIGURE 2. Time trends of averages of all variables; abbreviations are in Table 2; solid lines: 
commercial diet; broken lines: low energy diet 
Chapter 2: P. Luiting and EM. Urff 52 
Figure 3 shows the averaged residuals per diet and period. Orthogonal 
polynomial analysis of the residuals indicated significant (P<0.01) linear, quadratic 
and cubic time trends, with significantly different patterns per diet (P<0.01; illustrated 
by the curves in Figure 3). 
In conclusion, model (1) should be performed within feeds and within periods. 
- 3 0 
regression residual 
k j ME d"1 
C d ie t 
'Œm LE d ie t 
3 7 8 10 1 1 
period number 
FIGURE 3. Time trend of regression residuals per diet; each symbol indicates the averaged residual 
about regression per period; the curves are the cubic regression lines through these points; solid line 
and circles: commercial diet; broken line and open circles: low energy diet 
Analysis of regression parameter estimates 
Analysis of environmental effects on the three parameter estimates per period 
showed, in contrast to the feed effect on the residuals, only significant effects in period 
7 for b2 and b3. No significant overall effects were present. 
Figure 4 shows the averaged parameter estimates per period. Orthogonal 
polynomial analysis of the parameter estimates indicated significant linear and 
quadratic time trends for the partial efficiencies of EMD and BWG (both linear: 
P<0.01; quadratic: P<0.05 and P<0.01, respectively); for the maintenance 
requirements per kg MBW3/4 only a linear time trend was significant (P<0.01). 
Model optimization: residual feed consumption 53 
-3 /4 ^ j - 1 kJ ME kg~J/4 d 
600 
b 1 550 
5 0 0 
4 5 0 
1 2 3 4 5 6 7 8 9 10 11 
period number 
FIGURE 4. Time trends of averaged regression coefficients; regression coefficient for: MBW3/4, b,; 
EMDc, bj; BWG, b3 
Optimization of the regression model 
egg production 
Investigation of the two alternatives for egg production, without correction for 
abnormal eggs, showed a uniform distribution of the F probabilities in the majority of 
periods. Significant (P<0.10) improvement of fit above EMD alone in the model 
occurred in only one (El, in period 5) and two (E2, in periods 1 and 2) of the 11 
possible cases. 
Correction for double-yolk and small yolkless eggs (by itself only significant in 
period 1; P<0.10) removed the significance of the KS tests in periods 1 and 2 (in 
which these abnormalities occurred at the highest frequencies). Therefore, EMDc 
rather than EMD was considered to be the optimum approximation for metabolizable 
energy consumption related to egg production. 
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body weight gain 
The two alternatives that account for differences in efficiency between body 
weight gain and body mass catabolisation showed similar results. Significant (P<0.10) 
improvement of fit above the simplest approximation of one constant partial efficiency 
of BWG was found in only one (Gl, in period 6) and one (G2, in period 11) of the 
11 possible cases. Therefore, the simplest approximation was not rejected. 
body maintenance 
The F probabilities for the improvement of fit above the simplest 
approximation for maintenance (with exponent 3/4 and without intercept) by the 
models Ml and M2 do not follow the uniform distribution in six (Ml, in periods 3, 7 
(P<0.10), 8 (P<0.05), 6, 10 and 11 (P<0.01)) and seven (M2, the same plus P<0.10 
in period 4) of the 11 possible cases. So, both alternatives improve the fit of the 
simplest model significantly and, moreover, in about the same periods. In addition to 
this, the two alternatives did not differ in R2 and parameter estimates for EMDc and 
BWG (Table 4). Therefore, both alternatives seem to act in a similar way on the 
improvement of fit. The simplest model for maintenance was rejected and replaced 
by the most simple alternative of the two: with intercept and exponent 3/4 (M2). 
TABLE 4. Overall mean R2 and parameter estimates of the multiple regression models* with the various 
alternatives for maintenance energy requirements 
Model 
ref 
M l 
M2 
alternative 
MBW3/4 
(BWÏ + BWD/2 
b0, MBW3/4 
R2 
0.722 
0.735 
0.735 
a 
0.75" 
0.66 
0.75" 
bo 
0b 
0b 
94 
b, 
516 
553 
462 
b2 
9.1 
8.6 
8.6 
b3 
17.6 
18.0 
18.0 
ab0 = intercept (kJ ME d"1), \ = regression coefficient for maintenance (kJ ME kg" d'1), b2 = regression 
coefficient for EMDc (kJ ME g"1), D3 = regression coefficient for BWG (kJ ME g'1); bconstrained values 
AFE + interactions 
The addition of AFE to the model optimized for egg production, body weight 
gain and maintenance lead to a significant (P<0.10) improvement of fit in only three 
of the 11 possible cases (periods 4, 6 and 10); this implies that AFE is left out of the 
optimum model. 
The interactions MBW3/4 * EMDc and EMDc * BWG showed significant 
(P<0.05) improvement of fit in only two (periods 3 and 8) and two (periods 8 and 9) 
of the 11 possible cases. Although the interaction MBW3/4 * BWG did improve the 
fit significantly (P < 0.10) in seven periods (periods 1 to 4 and 8 to 10), estimates of the 
regression coefficient were not consistent over rows and periods (ranging from -183 
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to 234 kJ ME kg"3/4 g"1). The effect of the variation in this interaction on MECD was 
quite uncertain, and so it was concluded that this variation should be included in the 
residual in the further analysis. Therefore, all interactions are left out of the optimum 
model. Thus, the optimum multiple regression model (for all periods) was: 
MECD = b0 + t>! MBW3/< + b2 EMDc + b3 BWG + e (3) 
Stability of estimates 
As measured by Cook's D values 2.5% of the observations had unduly strong 
influence on the regression coefficients. These observations were discarded from the 
calculation of residuals and regression coefficients according to model (3). 
Discussion 
The significant differences in the regression residuals between the two feed 
groups indicate that animals fed the low energy diet have a larger overall net 
efficiency of ME utilisation. This is in accordance to the ideas expressed by Morris 
(1972). However, in contrast to the findings of Morris (1968) the regression 
coefficients of maintenance do not show a clear difference between the two feed 
groups. The other three parameter estimates do not differ clearly either. Apparently, 
non-significant small differences in regression coefficients accumulate to a significant 
difference in regression residuals. From period 3 onwards, there is a large significant 
difference in body weight between the two feed groups. Therefore, a small difference 
in the regression coefficient of maintenance will appear as a large difference in the 
regression residual. 
The differences over time found in the regression residual are reflected in 
differences over time in all the regression coefficients (see Figures 4 and 5; 
comparable time trends in regression coefficients were found by Leeson et al., 1973). 
A part of these differences in the regression residuals will be caused by time 
differences in partial efficiencies (bl to b3). The time trend in the intercept might be 
expected from the similarities between the two alternatives Ml and M2 and the time 
trend in the exponent a in Ml (see Figure 5). It can also be read as time differences 
in traits not included in the model. No tendency towards large values of the regression 
residual with large values of the predicted ME consumption was observed as far as 
averages of the periods are concerned; therefore, magnifying effects as described for 
the difference between the two diets cannot be important. 
Variation between animals in egg composition as approximated in alternatives 
El and E2 was not large enough to give a significant improvement of fit above EMD 
alone. This was caused in part by our approach of analyzing within narrow time 
periods, and is in agreement with the findings of Bentsen (1983). Hagger (1977) found 
no significant improvement of the prediction of egg mass corrected feed conversion 
by egg number and egg weight within lines; fitting egg weight did, however, improve 
his prediction between lines divergently selected for egg weight. Egg weight and egg 
number may show important variation in time at a constant egg mass production. The 
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significant decrease over periods of the partial regression coefficient b2 in Figure 4 
confirms this. 
a 
0 . 9 0 
0.80 
0.70 
0.60 
0.50 
7 8 10 1 1 
per iod number 
FIGURE 5. Time trend of averaged metabolic body weight exponent (a) 
Correction for different energy contents of double-yolk and small yolkless eggs 
gave a significantly better prediction of MECD in the first two 4 week periods. 
Therefore, it may be convenient to start measurements after the 28th week of age. 
Alternatively, the correction for these abnormalities may be included over the whole 
laying period in order to retain all observations and to make all periods comparable. 
Hoffmann and Schiemann (1973) estimated by calorimetry a partial regression 
coefficient of negative BWG at about 80% of the value of positive BWG. In contrast 
to these findings, the approach followed in alternatives Gl and G2 did not show 
significant improvements above the simplest model with only one constant regression 
coefficient of BWG. Bentsen (1983) found also no significant difference between these 
two regression coefficients. The remark with respect to the time trend made for the 
regression coefficient of EMDc applies here as well (see b3 in Figure 4). 
Dividing the laying period in age classes of 4 weeks turns out to be effective 
for detection of a deviation from the arbitrarily chosen value of 3/4 for the metabolic 
body weight exponent in most periods (alternative Ml), even in this narrow weight 
range. The average estimate for a was 0.66, which is very close to the surface area 
power 0.67 (Mount, 1979). Heusner (1985) calculated a value of 0.67 for intraspecific 
comparison in mainly domestic animals. An exponent deviating from 3/4 was also 
found in laying hens by Gous et al. (1978; 0.5, 1.2 and three times 1.0 for five breeds) 
and Bordas and Mérat (1981; 0.5 for two breeds). No estimated values of 0.75 could 
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be found in the literature. As can be seen in Figure 5 the exponent decreases with 
age, which is in accordance with literature results reviewed by Van Kampen (1987). 
The observed significant contribution of the intercept (alternative M2) is in contrast 
with the findings of Bentsen (1983). The results achieved by the alternatives Ml and 
M2 are very similar. Obviously, the choice for inclusion of an intercept or for treating 
the exponent as a regression parameter to be estimated is quite an arbitrary one. The 
latter approach would require more difficult calculations and would give more 
problems in making comparisons with the literature. 
Bentsen (1983) found that addition of AFE to his model significantly improved 
the predictions in the first two 4 week periods in a WL population but not in a Rhode 
Island Red population. In our data, no significant improvement by adding AFE was 
obtained in the first two periods. The improvement in the WL population of Bentsen 
(1983) was absent when evaluating the whole laying period (22 to 66 weeks). In 
contrast to this, Hagger (1977) found significant improvements by adding AFE over 
the whole laying period (21 to 61 weeks). This is not likely to be found in our data. 
In summary, we define here the trait residual feed consumption (in kJ ME. d"1) 
as the regression residuals of model (3) executed within short time periods and within 
feeds. Obviously, the satisfactory performance of this simple model is largely caused 
by the subdivision of the laying period into short intervals. 
As mentioned in the introduction, residual feed consumption may be promising 
from a breeding point of view: its variation may become a useful extra tool for 
improvement of feed efficiency. In order to exploit this possibility, the systematics of 
the trait should be quantified in terms of its repeatibility, heritability and correlations 
to production traits, and its physiological backgrounds should be investigated in more 
detail. The data used in the study reported here will be the subject of forthcoming 
publications on these particular topics; in addition, a divergent selection experiment 
on residual feed consumption has been initiated in our department. The information 
obtained from these studies may be used to set up a breeding strategy. 
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From each of two populations of White Leghorn laying hens, six "efficient" and 
six "inefficient" hens were used in energy metabolism studies involving indirect 
calorimetry with activity measurement. Hens classified as efficient or inefficient with 
respect to residual feed consumption had comparable body weight and production. 
Efficient and inefficient hens showed similar metabolizability of energy, cloacal 
temperature, shank dimensions and egg composition. However, efficient hens 
produced less heat; activity related heat production accounted for 29 to 54% of the 
difference in total heat production between efficient and inefficient hens. Plumage 
quality also explained some part of the difference in heat, but to a lesser extent (14 
to 19%). Adjustment for heat increment of production changed the heat production 
difference slightly (-5 to 1%). What is finally left unexplained (100 - 54 - 14 + 5 = 
37% to 100 - 29 - 19 - 1 = 51%) was of the same importance as activity related HP 
and is discussed in relation to basal metabolic rate. 
Introduction 
Feed costs are 60-70% of the total production costs in the laying sector. 
Therefore, improvement of feed efficiency should be one of the main aims of 
breeding. Feed efficiency has been improved mainly as a correlated response to 
selection for a higher egg production level and through deliberate reduction of 
maintenance requirements by selection for a low adult body weight. 
The rate of progress in feed efficiency is decreasing and attention has been 
focused on direct selection. However, this requires measurement of individual feed 
consumption, which is time consuming and therefore very expensive: the possible 
benefits are commonly thought to be lower than the costs involved. But direct 
selection on feed efficiency ratio may be not the best way to improve this component 
trait because of complex additive and multiplicative relations, and because of the 
antagonism between the desirable responses of egg production and feed consumption. 
In order to achieve a more optimal way of improvement, partitioning of feed efficiency 
into its components may picture more clearly its biology and economics. 
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Summarized (Luiting, 1990) from many multiple regression reports, a large 
fraction of the variance of feed consumption between individual hens within strains 
appears to be unexplained by metabolic body weight (MBW), egg mass production 
(EM) and body weight gain (BWG); this fraction corresponds to a residual standard 
deviation of about 4 to 15 g d"1. This unexplained term is referred to as "residual feed 
consumption" (RFC), defined operationally as the difference between the true feed 
consumption of an animal and its consumption as predicted from MBW, EM, and 
BWG. In other words, animals showing equal production levels and body weights may 
differ considerably with regard to feed consumption, and therefore feed efficiency. 
This unexplained variation may have two kinds of causes: measuring errors or 
modelling errors and, more interesting from a genetic point of view, variations among 
individuals in maintenance requirements per metabolic kg, in partial efficiency for 
production, or in energy demanding processes not accounted for (such as thermal 
regulation and activity). It appears that the variance of RFC does not exist of 
measuring errors only; correlation studies show significant relations of RFC with 
feather cover, and to a lesser extent with area of nude skin, body temperature, body 
composition, and egg composition (see for a review: Luiting, 1990). However, there 
is much variation in parameter estimates. The involvement of modelling errors in RFC 
cannot be excluded from these experimental results. There are also indications of 
relations between RFC and fasting metabolic rate and activity, but especially because 
of difficulties with individual measurement, reports on quantification are not available 
or scarce. 
High-low group sampling studies in relation to RFC are a suitable alternative 
for individual measurement (Luiting, 1990). Restrictions in terms of similar body 
weight and production of the sampled groups minimize RFC differences due to 
modelling errors and enable a more systematic and quantitative exploration of 
variations in maintenance requirements, partial efficiency, thermal regulation and 
activity. Two high-low RFC sampling studies (Morrison and Leeson, 1978, and Katie 
et al, 1984) have been reported in literature; not all paths of energy metabolism were 
measured. 
Hence, the experiments reported here have been designed to quantify RFC by 
measuring the complete feed energy partitioning and activity, using a restricted high-
low sampling technique. Furthermore, feather cover, area of nude skin, body 
temperature and egg composition were studied. 
Material and methods 
The respiration equipment allowed us to study energy metabolism 
simultaneously on two groups of at least five and at most six light laying hens each; 
this means that most traits could only be measured on a group level. In order to 
reduce sampling errors, comparisons between hens with high and low RFC were 
carried out in two trials. 
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Starting populations 
A White Leghorn control population is maintained in our department by 
random mating without genetic selection since 1983; Luiting and Urff (1991) have 
described its background and details on measurements of feed consumption, body 
weight and egg production, and on rearing and individual housing circumstances. 
TABLE 1. Composition of the diets 
Ingredient Replicate 1 Replicate 2 
Maize 
Maize gluten feed 
Oats 
Wheat 
Soy bean meal solv. extracted 
Toasted soy beans 
Tapioca 
Alfalfa meal 
Cane molasses 
Chalk 
Ca2P04 
Premix 
Animal fat 
Meat meal tankage 
Computed: 
ME (MJ kg"1) 
CP (g kg1) 
Dig. lys. (g kg1) 
Dig. met. (g kg1) 
Dig. met. + cys. (g kg'1) 
Ca (g kg') 
P total (g kg1) 
P available (g kg'1) 
38% 
10% 
-
14.1% 
11.9% 
-
5.1% 
1.9% 
3% 
6.7% 
0.1% 
2% 
2.4% 
4.8% 
11.5 
150 
5.5 
3.2 
5.2 
35 
6.1 
3.9 
50% 
-
5% 
10% 
16% 
3% 
-
3% 
-
8.1% 
1.2% 
1% 
2.7% 
-
11.8 
149 
6.2 
3.2 
5.5 
36 
5.9 
4.1 
The very nature of high-low sampling trials makes it impossible to carry out 
replicate experiments within one and the same generation without severe loss of 
contrast between the extreme groups. Therefore, the trials reported here have been 
carried out with hens from different generations (the first one measured in 1984, and 
the second one four generations later). 
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A commercial layer feed was provided ad libitum (see Table 1 for 
compositions). In the first generation, high cardboard feed troughs were used to supply 
pelleted feed (Timmermans, 1984). After the first generation, a change was made to 
mash feed (which increases the reliability of calculated energy contents; J.W. Stappers, 
pers. comm.) supplied in low metal troughs (which facilitated animal husbandry). 
Within each generation, individual RFC values were calculated per 4 week 
periods by multiple regression using the model derived by Luiting and Urff (1991): 
FCt = b„ + t>! MBW, + + b, BWGi + e, (1) 
where i = 1,...,N; N = number of available animals; FQ = daily feed consumption of animal i (g d"1); 
MBWj = mean metabolic body weight of animal i (kg3'4); EM; = daily egg mass production of animal 
i, adjusted for abnormal eggs (g d"1); BWGj = daily body weight gain of animal i (g d"1); b0 = intercept; 
bx, b2 and b3 = partial regression coefficients; e, = regression residual or RFQ of animal i (g d'1). 
High-low group sampling 
For each replicate, six hens with a low RFC ("efficient") and six with a high 
RFC ("inefficient") were selected. Selection was based on RFC measured over a 4 
week period between 56 and 60 weeks of age in the first replicate, and between 44 
and 48 weeks of age in the second one. Complete similarity of age was made 
impossible because of limited availability of the respiration equipment. However, from 
32 weeks of age, correlations between RFC measured in any 4 week period and RFC 
accumulated over the whole laying period are about 0.8, and the correlations between 
RFC measurements in two periods with a 12 week interval in between are about 0.7 
(Luiting and Urff, 1990); therefore, a 4 week selection criterion should be sufficient 
and the age difference between the replicates is not expected to affect the results. 
TABLE 2. Means and standard deviations (in brackets) of production characteristics of all birds in two replies 
populations and of selected birds on the high and the low residual feed consumption (RFC) levels 
Trait8 
number of hens 
EM (g d"1) 
MBW (kg374) 
BWG (g d'1) 
F C ( g d ' ) 
RFC (g d1) 
Whole 
population 
145 
45.2 (9.8) 
1.434 (0.124) 
0.5 (1.8) 
100.4 (12.6) 
0 (7.6) 
Population 1 
High RFC 
level 
6 
47.8 (6.0) 
1.494 (0.106) 
1.3 (2.6) 
115.4 (8.5) 
9.4 (4.6) 
Low RFC 
level 
6 
49.2 (3.8) 
1.439 (0.114) 
1.2 (1.9) 
98.7 (8.6) 
-5.7 (8.2) 
pb 
0.860 
0.488 
1.000 
0.047 
0.006 
Whole 
population 
92 
42.7 (11.6) 
1.433 (0.160) 
-0.6 (2.8) 
93.7 (15.1) 
0 (10.8) 
Population 2 
High RFC 
level 
5 
48.7 (2.9) 
1.457 (0.115) 
0.7 (0.5) 
109.2 (6.4) 
8.2 (3.7) 
Low RFC 
level 
5 
44.1 (3.0) 
1.428 (0.108) 
-0.7 (1.2) 
84.5 (5.2) 
-10.0 (2.3) 
pb 
0.5$ 
0.8: 
0.4! 
o.o: 
o.o: 
a
 EM = daily egg mass production adjusted for abnormal eggs, MBW = mean metabolic body weight, BWG = daily be 
weight gain, FC = daily feed consumption, RFC = daily residual feed consumption; b significance level of t test (agai 
the standard deviations of the whole populations) for difference between high and low RFC levels within replicate 
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As an additional requirement, only hens with similar MBW, EM and BWG 
were selected. The results of this selection are in Table 2. Only RFC and FC were 
significantly different between the RFC levels: 15 and 17 g d"1 in replicate 1, and 18 
and 25 g d"1 in replicate 2, respectively (0.006<P<0.047; Student's t test against the 
standard deviations of the whole populations). Two hens were removed from replicate 
2 and from the data in Table 2 because they failed to lay (normal) eggs after selection. 
Experimental design 
The hens of each extreme RFC group were transferred (at an age of 63 weeks 
in the first, and 50 weeks in the second replicate) to one of two similar respiration 
chambers of an open circuit calorimeter (Verstegen et al., 1987). The birds were caged 
individually at about 20° C and 70% relative humidity, and provided with 16 h of light 
per day (equal to the lighting scheme before transfer). 
Adjustment and adaptation to the chambers were made during one week before 
an experimental period of six weeks. After that some hens started to loose feathers. 
One of the hens in the high RFC group in replicate 1 had to be removed due to 
termination of laying after the sixth respiration period. The metal feed trough used in 
population 2 might disturb measurements of physical activity. The hens in replicate 2 
were therefore accommodated to the high cardboard feed troughs during the 
adaptation period spent in the respiration chambers, which was prolonged for an extra 
week. A possible respiration chamber effect should not be confounded with differences 
between RFC levels. Therefore, the two groups in replicate 2 were exchanged between 
the two rooms at the weekly measurements of body weight. 
Production characteristics 
During the experiments in the respiration chambers, individual feed 
consumption, egg production and body weight were measured weekly. Within each 
trial, individual RFC values were calculated over the whole experimental period of six 
weeks by multiple regression using model (1). 
In replicate 1, visible feed wastes were negligible and were not measured. In 
replicate 2 this was not so; therefore, individual feed waste was measured which allows 
for adjustment of FC and RFC. 
Energy metabolism characteristics and activity 
Metabolizable energy 
During the experimental periods metabolizable energy consumption (ME) was 
determined from gross energy consumption (GE) and energy in the excreta by a total 
faeces collection procedure. Measurements were made weekly (alternately per 
individual and on a group level in replicate 1 ; per group in replicate 2). The energy 
content was established with an adiabatic bomb calorimeter after freeze drying. 
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Heat production and activity 
Heat production (HP) of each group was determined indirectly from continuous 
measurements (every 18 min) of the exchange of C0 2 and 0 2 per chamber for two 
times 48 h, at intervals of one day, within each week (indirect calorimetry; Verstegen 
et al., 1987). HP was computed from these measurements as HP = 16.2 0 2 + 5.0 C0 2 
(Romijn and Lokhorst, 1961), where HP is expressed in kJ per 18 min and C0 2 and 
0 2 in liters per 18 min. Physical activity (Act) was measured simultaneously with HP 
using Doppler-radar activity meters. Details on measurement techniques have been 
given by Verstegen et al. (1987). Heat production in the absence of activity (zero-Act 
HP) was estimated for each 48 h respiration period by extrapolation of the regression 
of 18 min measurements of HP on the corresponding measurements of Act, starting 
and ending 3 min earlier, to a zero activity level (Act = 0). The energy costs of Act 
were estimated as the difference between total HP and zero-Act HP (see Verstegen 
et al., 1987, and Schrama et al., 1991, for a detailed description of this analysis). 
Net energy 
Net energy for production (NEprod) was obtained weekly by subtracting total HP 
from ME. To determine net energy for egg production (NEem), total egg production 
was collected in replicate 1 during the last experimental week plus one week after 
(once individually, and once per group), assuming that egg composition was not yet 
affected by feather loss. In replicate 2, egg samples were collected per group during 
the six experimental weeks. Shell was assumed to contain 0.5 kJ g'1 energy and 2.68 
g protein per 100 g. The energy content of eggs was established without shell using an 
adiabatic bomb calorimeter after freeze drying. Net energy for body weight gain 
(NE,,^) was obtained by subtracting NEem from NEprod. The nitrogen content of eggs 
without shell was determined using Kjeldahl equipment; estimated protein content was 
obtained by multiplying with 6.25. Fat content of eggs was estimated by subtracting net 
energy for egg protein (assuming an energy content of 23.8 kJ g"1) from NEem and 
dividing the result by the assumed egg fat energy content of 39.5 kJ g"1. 
Characteristics related to thermal regulation 
Plumage quality 
Feather cover of several body parts (neck, breast, abdomen, back, wings and 
tail) and overall feather quality were assessed (always by the same observer) by 
handling each bird and scoring it on a 5-point scale three and six times in replicate 1 
and 2, respectively. The feather scoring scheme of Emmans and Dun (1980; 1 = 
perfect feather cover/quality, 5 = totally defeathered/bare quills) was used after some 
modification. The feather cover scores were combined into a weighted average using 
weighting factors based on proportional feather weight from Herremans and 
Decuypere (1987), ignoring tail scores and combining their "pectoral" and "femoral" 
weights into breast weight. 
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Cloacal temperature and shank dimensions 
At the end of replicate 2 cloacal temperature was measured by inserting a 
digital thermometer 3 cm into the cloaca after weighing the animals at 9.00 am. After 
this, the minimal diameter of the tarsometatarsus (shank) and its length including the 
joints with tibiotarsus and toes were measured using callipers. 
Egg characteristics 
Next to the already mentioned egg characteristics, all eggs of the last two 
experimental weeks and the two following weeks (assuming that egg composition was 
not yet affected by feather loss) were measured for yolk, albumen and shell amounts, 
shell thickness and shape index in replicate 1. In replicate 2, these characteristics were 
measured during the fourth experimental week in eggs not included in the egg energy 
samples. 
Data analysis 
Figure 1 summarizes the overall experimental designs of the two replicates and 
the frequencies of all measurements. 
Production, thermal regulation-related and egg characteristics were expressed 
per hen and if relevant per day or per egg (mass). All results on energy metabolism 
were expressed per day and per unit of metabolic body weight (kg3/4). All presented 
means and standard deviations of traits were calculated over weeks and/or hens per 
RFC level and replicate. 
All traits measured per individual were analysed according to the following 
model: 
ym = y. + RFQ + REP, + (RFC + REP),, + A(RFC * REP)fclj + W, + eijkl (2) 
where i = 1 or 2 for the level of RFC; j = 1 or 2 for the number of replicate; k = 1,...,K with K = 
number of animals within RFC level and replicate; 1 = 1,...,L with L = number of experimental weeks; 
Yiju = an observation in week 1 of animal k in RFC level i and replicate j ; /i = overall mean; RFC = 
effect of RFC level i; REP, = effect of replicate j ; RFC * REP,, = interaction effect of RFC level by 
replicate group ij; A(RFC + REP)fcij = effect of animal k within RFC level by replicate group ij; W, = 
effect of experimental week 1; elJkl = error term in week 1 of animal k in RFC level by replicate group ij. 
Respiration trials like the ones reported here are basically repeated 
measurement-trials: the measurements have been obtained on the same animals and 
hence they are statistically dependent. Thus, because of correlations between error 
terms, it would be false practice to test differences between RFC levels, between 
replicates (REP) or between (RFC • REP) groups against the error term. The correct 
procedure would be to test against the variance among animals within the population 
from which the groups were recruited; however, in high-low sampling trials the major 
part of these animals (the non-extreme ones) are not measured for the traits of 
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interest. Therefore, these variances cannot be obtained. Because of the selection 
procedure to get extreme groups for RFC with little variation within groups for RFC, 
Replicate 1: 
experimental weeks: 
feed consumption 
egg production 
faeces collection 
egg collection 
body weight 
plumage scores 
egg characteristics 
respiration periods: 
heat production 
activity 
Replicate 2: 
- 2 
experimental weeks: 
feed consumption 
egg production 
faeces collection 
egg sampling 
body weight 
plumage scores 
egg characteristics 
respiration periods: 
heat production 
activity 
shank measures 
cloacal temperature 
1 0 
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1 
1 
1 
1 
1 
1 
1 
1 
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1 
1 
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1 
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FIGURE 1. Experimental design ( | = measurement per individual; ;:; = measurement per group) 
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MBW, EM and BWG the variance among animals within the groups is smaller than 
the one within the population, and hence using the former variance (i.e. the effect 
A(RFC * REP)k:ij in model (2)) for testing the effect of RFC level, REP or (RFC * 
REP) will probably give some overestimation of significancies. Still, the method has 
some merit due to the fact that variation between animals is exploited. On the other 
hand, it might be noted that the actual experimental unit is the combination of RFC 
level and replicate; however, using the effect (RFC • REP)^ from model (2) for 
testing the effect of RFC level or REP will give some underestimation of 
significancies, because tests must be performed against only one degree of freedom 
as a result of the limited number of replicates. Neither of the methods will result in 
the proper statistics; the "truth" will be somewhere in between. Therefore, results from 
both methods will be given. 
For the traits measured per group only the latter method can be used, because 
the A(RFC * REP)k:ij effect is not in the model. For the traits measured partly per 
group and per individual, variance among animals (A(RFC * REP)) is estimated from 
the individual data only and is then used for testing the mean values of the two RFC 
levels from all data. Furthermore, if the effect REP was not significant it was removed 
from the model. 
Results1 
Production characteristics 
Egg mass production (EM), metabolic body weight (MBW), body weight gain 
(BWG), feed consumption (FC) and residual feed consumption (RFC) data of the 
selected animals, as measured during the two experiments in the respiration chambers, 
are in Table 3. EM and MBW still do not differ significantly between the RFC levels 
(like in Table 2). The difference in BWG has a type I error probability (P) between 
0.022 and 0.316, but is very small; the lower P value is caused by the extremely small 
variation among animals within groups, with P = 0.856 for A(RFC * REP) versus 
P< 0.005 for all other individually measured traits. The differences in FC and RFC 
between the RFC levels are still highly significant. Between replicates there seems to 
be a small significant difference in BWG (0.020<P<0.297; with reference to the 
remark concerning the P values for the effect of RFC level), and a highly significant 
difference in FC (0.0001<P< 0.005); hens in replicate 2 consume more feed and grow 
somewhat faster. No significant interactions between replicate and RFC level were 
found. 
Comparison between Tables 2 and 3 for replicate 1 shows that both RFC levels 
had somewhat lower EM, MBW and BWG values during respiration than at the 
moment of selection, but roughly to the same degree. Accordingly, FC levels were 
somewhat smaller too, resulting in about the same difference in RFC between the 
1: Part of the results obtained in replicate 1 were presented at the 7th European 
Poultry Conference in Paris (Luiting, 1986). 
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levels as before the experiment (15.1 and 14.6 g d"1 for Table 2 and 3, respectively). 
In replicate 2, EM had some lower values during respiration too, but MBW (only on 
the low RFC level) and BWG were slightly higher than in Table 2. In contrast to this 
and to replicate 1, FC was highly increased, especially on the low RFC level, resulting 
in a decrease of the difference in RFC between the levels from 18.2 (Table 2) to 10.8 
g d"1 (Table 3). Whereas in replicate 1 feed waste was too low to be measured, in 
replicate 2 a large amount of feed waste was measured (17 and 15% of FC on the 
high and low RFC level, respectively). The difference in feed waste between the two 
levels was not significant (P = 0.186). Adjustment of FC in replicate 2 for feed waste 
reduces FC to 99.6 and 92.5 g d"1 for the high and the low RFC level, respectively; FC 
remains higher on the low RFC level in comparison with Table 2, in contrast to the 
high RFC level. Hence, adjustment for feed waste reduces the difference in RFC 
between the high and the low RFC level even more (to 7.2 g d"1; 3.6 and -3.6 g d"1, 
respectively). But the differences in FC and RFC between the high and low RFC level 
remain significant after adjustment for feed waste (0.003 <P< 0.045 and 
0.0001 <P<0.053, respectively). The significant difference in FC between replicates 
disappears after this adjustment (0.920<P<0.935). 
TABLE 3. Means and standard deviations (in brackets) of production characteristics of selected birds 
on the high and the low residual feed consumption (RFC) levels during the two experiments in the 
respiration chambers 
Trait" 
number of hens 
EM (g d-1) 
MBW (kg3'4) 
BWG (g d1) 
FC (g d-1) 
RFC (g d1) 
Replicate 1 
High RFC level 
5-6 
44.6 (6.7) 
1.470 (0.101) 
-0.2 (4.1) 
106.0 (5.9) 
7.6 (5.2) 
Low RFC level 
6 
46.4 (4.5) 
1.417 (0.082) 
0.5 (0.4) 
89.9 (6.5) 
-7.0 (6.3) 
Replicate 2 
High RFC level Low RFC level 
5 
42.0 (7.2) 
1.441 (0.141) 
1.2 (0.9) 
119.7 (5.0) 
5.4 (3.8) 
5 
41.0 (6.9) 
1.447 (0.083) 
1.6 (1.3) 
108.2 (4.0) 
-5.4 (4.5) 
pb pc 
0.516 0.217 
0.235 0.655 
0.316 0.022 
0.006 0.0004 
0.011 0.0001 
* EM = daily egg mass production adjusted for abnormal eggs, MBW = mean metabolic body weight, 
BWG = daily body weight gain, FC = daily feed consumption, RFC = daily residual feed consumption; 
b
'
c
 significance levels of F tests for difference between high and low RFC level, performed against (RFC 
* REP)U and against A(RFC * REP)^ from model (2), respectively 
Energy metabolism characteristics and activity 
Data on energy metabolism and activity are in Table 4. Differences in 
metabolic weight between RFC levels were small enough to retain the significant gross 
energy (GE) consumption difference when expressed per kg3/4. No significant 
difference in metabolizability (ME/GE) between RFC levels was found. Therefore, 
the difference in ME consumption (104 and 56 kJ ME kg"3/4 d"1 for the two replicates, 
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respectively) between RFC levels was relatively similar to the GE consumption 
difference and likely to be significant (0.037<P<0.083). 
TABLE 4. Means and standard deviations (in brackets) of energy metabolism characteristics and activity 
of the selected birds on the high and the low residual feed consumption (RFC) levels during the two 
experiments in the respiration chambers 
Trait* 
GE 
ME/GE 
ME 
NEprod/ME 
NEp„d 
NEem 
N ^ . g 
HP 
zero-Act HP 
Replicate 1 
High RFC level 
1133.0 (77.7) 
0.755 (0.009) 
855.3 (77.8) 
0.258 
220.7 
216.2 (33.8) 
4.5 
634.6 
471.5 
Act-related HP 163.1 
Low RFC level 
997.5 (91.6) 
0.753 (0.008) 
751.2 (77.0) 
0.349 
263.7 
222.9 (60.4) 
40.8 
487.5 
403.6 
83.9 
Replicate 2 
High RFC level Low RFC level 
1100.0 
0.778 
855.8 
0.294 
252.2 
198.1 
54.1 
603.6 
500.2 
103.4 
(79.8) 1017.0 (43.0) 
0.787 
799.9 
0.324 
259.8 
195.8 
64.0 
540.1 
454.8 
85.3 
pb pc 
0.026 0.035 
0.883 0.547 
0.083 0.037 
0.111 -
0.251 -
0.866 0.867 
0.493 -
0.075 -
0.240 -
0.189 -
* all traits in kj kg'3'4 d', standard deviations only given for traits measured per hen; GE = gross energy 
consumption (in replicate 2 adjusted and in 1 not adjusted for feed waste), ME = metabolizable energy 
consumption (determined from the energy analyses in these experiments), HP = total heat production, Act 
= activity, NEprod = net energy consumption for production, NEe„ = net energy for egg production, N E ^ 
= net energy for body weight gain; "'c significance levels of F tests for difference between high and low 
RFC level, performed against (RFC * REP)^ and against A(RFC * REP)fcij from model (2), respectively; 
c
 for individually measured traits only 
In both replicates, small (non-significant) differences in net energy consumption 
(NE) were found between RFC levels; in general, differences in NEem and N E ^ 
corresponded to the small differences in EM and BWG (Table 3). The large 
difference in ME consumption between RFC levels was therefore reflected in the 
large (probably significant; the upper bound of P is 0.075) difference in heat 
production (147 and 64 kJ ME kg"3/4 d"1 for the two replicates, respectively). Hence, 
the difference in NEprod/ME (probably significant; the upper bound of P is 0.111) 
shows that the hens on a low RFC level are more efficient than the hens on a high 
RFC level primarily by a lower heat production (HP). This total HP difference 
between RFC levels was composed of differences in both zero-Act HP (46% of the 
total HP difference in replicate 1, and 71% in replicate 2) and Act-related HP (54% 
and 29%, respectively; probably significant, the upper bound of P is 0.189). 
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For the individually measured traits no significant interactions between RFC 
level and replicate were found. The difference in ME/GE between replicates seems 
to be significant (0.0001 <P<0.120), whereas in all other traits no significant 
differences between replicates were found. 
Characteristics related to thermal regulation 
In both replicates, all feather scores (except for the back) of hens on the low 
RFC levels were somewhat lower than of hens on the high RFC levels, especially in 
replicate 1 (Table 5); low RFC hens have a better plumage quality. Only the 
differences in neck and tail scores between the RFC levels have a tendency to 
significancy. Plumage quality (except for the tail) during replicate 2 was scored better 
than during replicate 1, where hens were about 13 weeks older; these differences were 
not significant, with a probable exception for the abdomen score (0.032<P<0.310). 
No significant interactions between RFC level and replicate were found. 
TABLE 5. Means and standard deviations (in brackets) of plumage characteristics of the selected birds on 
the high and the low residual feed consumption (RFC) levels during the two experiments in the respiration 
chambers 
Trait' 
Feather cover scores 
Neck 
Breast 
Abdomen 
Back 
Wings 
Tail 
Weighted average 
Feather quality score 
Replicate 1 
High RFC level 
3.27 (1.06) 
3.73 (0.67) 
2.87 (0.47) 
3.07 (0.83) 
3.07 (1.20) 
2.53 (0.77) 
3.33 (0.77) 
3.07 (1.06) 
Low RFC level 
2.33 (0.84) 
3.50 (0.83) 
2.39 (0.54) 
3.17 (0.88) 
2.11 (0.51) 
1.50 (0.73) 
2.92 (0.57) 
2.61 (0.78) 
Replicate 2 
High RFC level Low RFC level 
2.58 (0.46) 
2.81 (0.56) 
2.03 (0.12) 
1.90 (0.56) 
1.87 (0.31) 
3.06 (0.89) 
2.34 (0.34) 
2.45 (0.45) 
1.94 (0.68) 
2.29 (1.09) 
1.94 (0.08) 
2.23 (0.64) 
1.77 (0.23) 
2.52 (0.35) 
2.10 (0.60) 
2.42 (0.40) 
pb pc 
0.155 0.044 
0.462 0.286 
0.448 0.098 
0.638 0.469 
0.346 0.097 
0.188 0.035 
0.492 0.245 
0.614 0.617 
* scores on a 5-point scale, 1 = perfect feather cover/quality, 5 = totally defeathered/bare quills;bc significance 
levels of F tests for difference between high and low RFC level, performed against (RFC + REP)^ and against 
A(RFC + REP),^ from model (2), respectively 
Cloacal temperature and shank measures were compared in replicate 2 only. 
Shank length was 9.5 cm on both RFC levels, whereas cloacal temperature (40.7 and 
40.8° C) and shank diameter (8.0 and 8.2 mm) were also similar on both levels (P = 
0.626 and P = 0.448, respectively). 
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Egg characteristics 
Data on egg characteristics are in Table 6. Hens on the low RFC level laid 
more, but smaller, eggs than hens on the high RFC level. The egg weights were lower 
(with a tendency to significancy) because of lower yolk, albumen and shell weights. In 
replicate 1 yolk fraction was reduced and albumen fraction was increased on the low 
RFC level. This is reflected in the lower fractions of dry matter and energy on this low 
RFC level, and in the protein and fat content of the eggs. In replicate 2 these 
differences were absent. In both replicates, the shell measurements suggest inferior 
shell quality for hens on the low RFC level. 
TABLE 6. Means and standard deviations (in brackets) of egg characteristics of the selected birds on the high and 
the low residual feed consumption (RFC) levels during the two experiments in the respiration chambers 
Trait* 
Egg production (No. d~') 
Egg weight (g) 
Shape index 
Egg yolk (g lOOg1) 
Egg albumen (g lOOg'1) 
Yolk/albumen (g g'1) 
Egg shell (g lOOg-1) 
Shell thickness (mm) 
Egg DM (g lOOg-1) 
Egg energy (kj g ') 
Egg protein (g 100g1) 
Egg fat (g lOOg1) 
Replicate 1 
High RFC level 
0.67 (0.09) 
66.47 (3.26) 
70.84 (3.13) 
29.67 (1.62) 
61.11 (1.79) 
0.49 (0.04) 
9.22 (0.85) 
0.39 (0.04) 
33.02 (0.76) 
7.10 (0.22) 
11.34 (0.31) 
11.14 (0.59) 
Low RFC level 
0.73 (0.08) 
63.27 (5.54) 
69.53 (2.57) 
28.47 (0.98) 
62.52 (0.96) 
0.46 (0.02) 
9.01 (0.48) 
0.37 (0.02) 
31.71 (0.38) 
6.82 (0.27) 
10.91 (0.74) 
10.69 (0.83) 
Replicate 2 
High RFC level Low RFC level 
0.66 (0.11) 
63.29 (2.71) 
71.87 (2.57) 
30.49 (1.44) 
59.72 (1.72) 
0.51 (0.04) 
9.79 (0.57) 
0.43 (0.02) 
31.97 
6.70 
11.02 
10.33 
0.72 (0.11) 
56.55 (2.65) 
72.64 (3.66) 
31.17 (1.50) 
59.58 (1.84) 
0.52 (0.04) 
9.25 (0.53) 
0.39 (0.02) 
31.98 
6.83 
11.08 
10.62 
P" 
0.685 
0.411 
0.579 
0.823 
0.528 
0.735 
0.2099 
0.228 
0.335 
0.685 
0.390 
0.827 
P= 
0.615 
0.037 
0.762 
0.753 
0.442 
0.617 
0.392 
0.102 
0.086 
0.788 
0.789 
0.719 
' standard deviations only given for traits measured per hen, DM = dry matter; "'c significance levels of F tests for 
difference between high and low RFC level, performed against (RFC + REP)^  and against A(RFC + REP)^ from 
model (2), respectively 
Only for egg weight (0.042<P<0.335), albumen percentage (0.042<P<0.223), 
yolk-albumen ratio (0.047<P<0.288) and shell thickness (0.007<P<0.131), probably 
significant differences between replicates were found; the eggs in replicate 2 were 
lighter, with relatively less albumen and thicker shells. For the individually measured 
traits, no significant interactions between RFC level and replicate were found. 
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Discussion 
Significant interactions between RFC level and replicate were found for none 
of the individually measured traits. Therefore, statements about differences between 
RFC levels over replicates or between replicates over RFC levels can be made. For 
the traits measured per group, the interaction could not be tested; therefore, overall 
statements must be made with caution. From Tables 3 to 6 it appears that trait 
averages can differ somewhat between replicates; only the difference for FC not 
adjusted for feed waste seems to be clearly significant, whereas the ones for BWG, 
ME/GE, abdomen score, egg weight, albumen percentage, yolk/albumen ratio and 
shell thickness seem to have a tendency to significance. The primary aim of this study, 
however, is to make comparisons between RFC levels; differences between replicates 
will be considered only as far as they may interfere with the conclusions about RFC. 
For replicate 1, cardboard feed troughs were used to supply pellet feed before 
and during the respiration experiment; hardly any feed waste was observed (reflected 
in "normal" ME/GE values in Table 4: 0.75 and 0.76). For replicate 2, the hens had 
been selected on data measured using metal feed troughs to supply mash feed, while 
during the respiration experiment itself the cardboard feed troughs had to be used to 
prevent interference of metal troughs with activity meters. The cardboard trough, 
however, causes much waste when using mash feed. Therefore, feed consumption in 
replicate 2 was much too high and had to be adjusted for waste: when calculated from 
the unadjusted GE consumption, ME/GE was irrealistically low (0.65 and 0.67), 
whereas the adjusted values (Table 4: 0.78 and 0.79) are even somewhat higher than 
the (unadjusted) values from replicate 1. After adjustment of FC for feed waste the 
difference in FC between replicates was not significant anymore. 
Comparison between Tables 2 and 3 shows that the difference in RFC between 
the two levels in replicate 2 was reduced in the respiration chambers (from 18.2 to 
10.8 g d"1). After adjustment for feed waste, this difference was further reduced to 7.2 
g d"1, especially due to the high value of FC on the low RFC level in the respiration 
chamber. This contrasts with replicate 1, where the difference in RFC decreased very 
slightly from 15.1 to 14.6 g d*1. The (necessary) change in feed trough in replicate 2 
can be responsible for this interaction. Clearly, RFC differences can be attributed to 
both intrinsic animal effects and environmental circumstances. Nevertheless, the 
significant RFC difference permits quantification of RFC in both replicates by 
measuring partitioning of feed energy. Body weight and production of the sampled 
groups were sufficiently similar, so that differences in FC reflect the differences in 
RFC. 
Energy metabolism 
There were no clear differences in the fraction of feed waste and in 
metabolizability between the RFC levels within replicates. Morrison and Leeson 
(1978) drew the same conclusions from a similar high-low sampling experiment with 
White Leghorns. It is also in agreement with the very low coefficients of variation for 
feed waste and metabolizability among hens reviewed by Luiting (1990). 
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For illustration, Figure 2 shows the partitioning of ME consumption for the two 
RFC levels, within both replicates. 
kJ kg'374 d'1 
H1 L1 H2 L2 
}M zero-Act HP 
• N E , , 
• A c t rel. HP 
FIGURE 2. Partitioning of ME consumption of the selected birds with a high (H) or a low (L) residual 
feed consumption level in the respiration chambers, within replicate 1 and 2 
The hens on the high RFC levels produced more heat than the hens on the low 
RFC levels (147 and 64 kJ ME kg~3/4 d"1 for the two replicates, respectively). This was 
also found in two similar high-low sampling experiments with White Leghorns by 
Leeson and Morrison (1978; difference in FC 11.3 g d"1) and Katie et al. (1984; 
difference in RFC 18.8 g d"1). They estimated differences of 20 and 13% of the mean 
HP, respectively. These differences are within the range of our experiments (26 and 
11% for the two replicates, respectively). 
The small non-significant differences in EM and BWG (Table 3) between the 
RFC levels within replicates are reflected in the small differences in NE (Figure 2). 
In replicate 1, the direction of the differences in NE is such that adjustment of HP for 
the corresponding heat increment would even increase the difference in HP. The heat 
increment of NEprod may be estimated under the assumption of a 0.56 partial 
efficiency for egg protein, 0.82 for egg fat and 0.90 for body weight gain: adjustment 
of HP in replicate 1 leads then to an increase of the difference in HP by about 7.3 kJ 
kg3/4 d'1 (5.0%), and in replicate 2 to a decrease of about 0.6 kJ kg3/4 d"1 (0.9%). 
Katie et al (1984) estimated an increase of 11%, and judging from the 
difference in EM, the difference in HP of Morrison and Leeson (1978) would also 
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increase somewhat. Hence, in most of these experiments, the high efficiencies 
(NEprod/ME) of the hens on the low RFC levels are caused by slightly higher NEprod 
but primarily by lower HP. 
Thermal regulation 
With regard to possible differences in thermal regulation between the RFC 
levels, small differences were found for plumage quality, but not for cloacal 
temperature and shank surface. The differences in weighted average feather cover 
scores between the RFC levels were 0.41 and 0.24 for the two replicates, respectively. 
The latter small figure is caused by the overall better plumage of the younger hens in 
replicate 2 compared to replicate 1. The difference in overall score of 0.7 in the high-
low sampling study of Leeson and Morrison (1978) indicates a larger contrast in 
plumage quality. From several literature sources reviewed by Luiting (1990), the HP 
loss of 1 score point may be estimated at about 50 kJ kg"3''4 d"1; this adjustment would 
reduce the difference in HP between RFC levels by 20.5 (13.9%) and 12.0 kJ kg3/4 
d"1 (18.9%) in replicate 1 and 2, respectively. It was not possible to estimate these 
adjustments for the similar experiments of Morrison and Leeson (1978) and Katie et 
al. (1984). 
Plumage quality, cloacal temperature and shank surface comprise not all 
thermoregulatory abilities of hens; other thermal regulation characteristics as surface 
areas of comb and wattles, tissue insulation, posture, panting, etc. can also vary 
between hens. Therefore, the adjustment for thermal regulation is not complete. 
Activity 
Physical activity of animals as measured by our meters causes 16 to 26% (84 
to 163 kJ ME kg"3/4 d"1) of total HP levels in these two replicates. This is within the 
range found in the scarce literature (Luiting, 1990). The differences in Act-related HP 
accounted for large parts (54 and 29%) of the total HP differences between the RFC 
levels within the two replicates. As can be seen in Table 4 RFC * REP interaction 
seems to be present for Act-related HP. Therefore, the divergence between replicates 
in Act-related HP cannot fully be explained by the differences in RFC; other processes 
(such as thermal regulation) must play a role. 
In similar high-low sampling experiments, Morrison and Leeson (1978) and 
Katie et al. (1984) also observed more activity on the high RFC level than in the low 
RFC level. They recorded activity by video; the fraction of heat production related to 
activity could not be quantified from their studies. 
Basal metabolic rate 
Differences in zero-Act HP accounted for the major part of the total HP 
differences between RFC levels within both replicates (46 and 71%, respectively). 
Because of the adjustment for activity, the difference in zero-Act HP reflects 
differences in a complex of basal metabolic rate, requirements for thermal regulation 
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and heat increment. When accounting for heat increment related to N E ^ differences, 
and for plumage quality as discussed above, the remaining difference in zero-Act HP 
(as an approximation of basal metabolic rate plus heat increment for maintenance, 
plus thermal regulation demands not accounted for) is of the order of 33 to 55 kJ 
kg-3/4 <}-i (37 to 52% of total HP difference). However, Act-related HP is probably 
underestimated because of measurement method (limited sensitivity of the activity 
meters, especially for activity in the horizontal plane) and estimation method 
(regression with X values not known without error). Thermal regulation demands 
could not be adjusted for completely, because they have not been fully quantified. 
Also, heat loss as a result of bad plumage quality will be underestimated by use of a 
plumage scoring method with only 5 classes and because of the fact that the 
correlation between such scoring and feather insulation is less than unity. On the other 
hand, the effect of activity on HP is likely to be confounded with effects of variation 
in feather cover (Luiting, 1990). Besides, the value of the adjustment for heat 
increment is questionable because of variation in partial efficiency estimates in 
literature, especially for egg protein. But in view of the small differences in NE 
between the RFC levels, the error in the adjustment for heat increment is likely to be 
small. Even when there would be variation in heat increment by variation in fat or 
protein composition, or in transformation losses when body catabolization for egg 
production occurs, or in protein turnover rate for egg production enzymes, the error 
in this adjustment will not be large. 
Morrison and Leeson (1978) measured HP under ad libitum feeding and fasting 
HP in their high-low sampling experiment. The difference in fasting HP (after 48 h 
of fasting) was 63% of the difference in total ad libitum HP between their extreme 
groups. However, in this approximation of basal metabolic rate, activity and thermal 
regulation were completely neglected. Damme (1984) and El-Sayed (1988) showed 
significant differences in fasting HP between hens within several strains, and 
correlations of fasting HP with RFC (-0.06 to 0.43). Indeed, correction for activity 
level (scored in four classes) and feather score slightly reduced these correlations 
(-0.15 to 0.31). 
Egg characteristics 
Hens on the low RFC levels lay somewhat smaller eggs than hens on the high 
RFC levels; thus, it may be expected (Damme et al., 1982) that the former lay eggs 
with lower yolk and albumen weights, but higher yolk and lower albumen fraction. 
This was not evident for the fractions, especially in replicate 1 where the reverse was 
true. Therefore, energy content per gram EM (and the fractions of DM, protein and 
fat) is somewhat smaller on the low RFC level within replicate 1. The results of 
replicate 1 agree with the low (often non-significant) correlation estimates found in 
regression studies of RFC on egg composition traits (Luiting, 1990). 
It can be concluded that variation in activity related HP is large and that it may 
explain an important part of RFC. Plumage quality also explains some part of RFC, 
but to a lesser extent and in dependence of age. No clear relations of RFC with 
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metabolizability, cloacal temperature, shank surface and egg composition were 
detected. What is left unexplained (zero-Act HP adjusted for plumage quality and for 
heat increment for production) is of the same magnitude as activity related HP and 
must be related to a large extent to basal metabolic rate and to thermal regulation not 
related to plumage quality scoring, cloacal temperature and shank surface. 
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Residual feed consumption in laying hens: 
1. Quantification of phenotypic variation 
and repeatabilities 
P. Luiting and E.M. Urff 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 33S, 
6700 AH Wageningen, The Netherlands 
A large fraction (on average, 25%) of the variance of daily feed consumption 
between individual laying hens appears unaccounted for by a model with metabolic 
body weight, daily egg mass production and body weight gain as independent 
variables. This unexplained term is referred to as "residual feed consumption" (RFC), 
defined operationally as the difference between the observed feed consumption of a 
hen and its consumption as predicted from the model. The study described here deals 
with the quantification of the phenotypic variation of RFC of hens of a White Leghorn 
population during a 44 week laying period (20 to 64 weeks of age) in 11 time segments 
of 4 weeks each, fed either a commercial or a low energy diet (11.7 and 10.0 MJ ME 
kg"1, respectively, where 1 MJ = 2.39 Meal). The RFC showed a standard deviation 
of 4 to 8 g d'1. The repeatability of RFC was estimated as 0.52 to 0.58. For each time 
segment between 32 and 56 weeks of age, phenotypic correlations between RFC and 
RFC accumulated over the whole laying period were estimated to be around 0.8. It is 
concluded that RFC shows a considerable amount of systematic and permanent 
variation, and that experimental RFC measurements can be limited to the period 
between 32 and 56 weeks. It is also shown that variation in RFC is mainly caused by 
differences among hens in maintenance requirements per kg3''4. Furthermore, less 
RFC seems to exist, and less of it seems to be systematic or related with the 
maintenance requirement per kg3/4, in a low energy diet in comparison with a 
commercial diet. 
Introduction 
Genetic improvement of feed efficiency in laying hens has been realized mainly 
as a correlated response to selection for a higher egg production level and through 
deliberate reduction of maintenance requirements by selection for a low adult body 
weight. Nevertheless, attention is shifting to direct selection for feed efficiency, 
because the rate of progress in feed efficiency is decreasing (Bentsen, 1987). 
Besides this, partitioning of feed efficiency into its components may picture 
more clearly its biology and economics in order to achieve a more optimal way of 
improvement. Luiting (1990) concluded from many studies using multiple regression 
models that up to 80% of the variance of feed consumption among hens remains 
unaccounted for by metabolic body weight, daily egg mass production and body weight 
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gain. This unexplained term is referred to as "residual feed consumption" (RFC). It 
is defined operationally as the difference between the observed feed consumption of 
a hen and its consumption as predicted from the model. Thus, hens showing equal 
production levels and body weights may differ considerably in feed consumption and 
feed efficiency. 
The unexplained variation may have four causes: variations among hens in (1) 
maintenance requirements per metabolic kg, (2) partial efficiency in energy utilization, 
(3) energy demanding processes not accounted for, and (4) measuring errors (including 
feed wastage). The first three might be promising from a breeding point of view. The 
present study deals with the quantification of the phenotypic variation of RFC, and 
the above mentioned four underlying causes, of hens of a White Leghorn population 
during a 44 week laying period. 
Morris (1972) suggested that differences in partial energetic efficiencies 
between laying hens are expressed more clearly at a suboptimum energy consumption. 
Therefore, the hens in this study were fed ad libitum with either a commercial diet or 
a low energy diet (11.7 and 10.0 MJ ME kg"1, respectively, where 1 MJ = 2.39 Meal). 
Materials and methods 
Data 
The population of hens described by Luiting and Urff (1991) was used for the 
present study. It consisted of 704 hens in 94 half sib (HS) groups of 3 or 4 full sib (FS) 
pairs (352 FS pairs totally). From 18 weeks of age, when the hens were transferred to 
individual battery cages, one member of each FS pair was fed a commercial diet 
(calculated content: 11.7 MJ ME kg"1 and 155 g CP kg"1) and the other one a low 
energy diet (10.0 MJ ME kg"1 and 152 g CP kg l), both ad libitum (where 1 MJ = 2.39 
Meal). Details on and results of measurements of diet composition, feed consumption, 
body weight and egg production, and rearing and housing conditions were described 
by Luiting and Urff (1991). 
Multiple regressions were performed within each of eleven 4 week periods 
(starting at 20 weeks of age) and within each diet according to Luiting and Urff (1991) 
using the following model: 
FCDi = b„ + b, MBW"4i + b2 EMDc, + b3 BWG, + e, (1) 
where i = 1,...,N; N = number of hens in the analysis; FCD, = daily feed consumption of hen i (g d"1); 
MBW3'4j = mean metabolic body weight of hen i (kg3'4); EMDq = daily egg mass production of hen i, 
adjusted for abnormal eggs (g d'1); BWG, = daily body weight gain of hen i (g d'1); b0 = intercept; b1( 
b2 and b3 = partial regression coefficients; e, = regression residual of hen i (g d'1). 
For each diet, the expected feed consumption was calculated per hen and per 
period as E(FCD); = b0 + bx MBW3^ + b2 EMDCj + b3 BWG;, in g d"1. The trait 
residual feed consumption (RFC in g d"1) is defined as RFC = FCD - E(FCD). 
Multiplying FCD, E(FCD) and RFC in g d"1 with the calculated ME contents gives 
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these traits in kJ ME d'1 (1 kJ = 2.39 kcal). To investigate the overall performance 
per hen, RFC was averaged over all 4 week periods (RFC-T). 
Systematic variation: repeatabilities 
To explore the amount of systematic and permanent variation in RFC, Le. other 
than measuring errors, the following four parameters were estimated within each diet: 
(1) the overall repeatability, estimated from the within and between animal variances 
(univariate REML, the EM algorithm by Meyer, 1986) from the following model: 
RFQj = p + A, + e, (2) 
where i = 1,...,N; N = number of hens in the analysis; j = l,...,n; n = number of periods per hen; RFC, 
= residual feed consumption of hen i in period j (g d"1); ß = overall mean; A, = random effect of hen 
i; e(j = random effect of period j within hen i; 
(2) phenotypic correlations between RFC in different recording periods with 
increasing intervals (from 4 to 40 weeks); (3) phenotypic correlations between RFC 
in each single period and the averaged RFC-T; (4) the standard deviation of RFC 
among periods within each hen (sdRFC); following Sheldon (1980), this variation in 
individual RFC between periods is a measure for individual stability. 
Sources of systematic variation in RFC 
To explore the underlying cause(s) for the systematic variation in RFC, two 
methods have been followed. Firstly, phenotypic correlations of absolute values of 
RFC ( | RFC | ) with MBW3/4, EMDc, BWG and E(FCD) were estimated within each 
hen. If a large part of the variation in RFC is explained by differences among hens in 
maintenance requirement per metabolic kg, and if this is a permanent effect over 
time, then a hen with a high maintenance requirement per metabolic kg will have a 
highly positive RFC, especially during the time periods with high body weights. 
Whereas a hen with a low maintenance requirement per metabolic kg will have a 
highly negative RFC, again especially during the time periods with high body weights. 
Therefore, one would expect a tendency towards large values of | RFC | in recording 
periods with large MBW3/4, when comparing within hens. Similarly, if a large part of 
RFC is caused by permanent differences among hens in partial efficiencies per unit 
product, there may be a connection of EMDc and/or BWG with | RFC | within a hen. 
The trait E(FCD) combines these three sources of variation. 
Secondly, partial regression coefficients were estimated after subdivision of the 
data in two groups based on RFC; multiple regression models (1) were used again for 
separate analyses of data from hens with a negative RFC (further called the low RFC 
group) and from hens with a positive RFC (the high RFC group). 
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Statistical analysis 
The Kolmogorov-Smirnov one-sample (KS) test was used to test the hypothesis 
that RFC, RFC-T and sdRFC were normally distributed within diet. Significances of 
the mean RFC, RFC-T and sdRFC per diet, and differences between the means of the 
two diets, were tested by means of Student's t. Differences in the variances between 
the two diets were tested by means of Fisher's F. 
Averaging (weighted by standard errors) and testing of correlation coefficients 
were performed after Fisher's Z transformation. Significances of the (averaged) 
correlation coefficients per diet, and differences in the (averaged) correlation 
coefficients between the two diets were tested by means of Student's t. 
Partial regression coefficients were calculated within the high and low RFC 
groups and within periods as described by Luiting and Urff (1991), and pooled over 
periods. The differences in pooled estimates between the RFC groups have been 
tested by a repeated measures multivariate analysis of variance (PROC GLM, SAS 
Institute Inc., 1985) according to the model as described by Luiting and Urff (1991). 
Results 
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FIGURE 1. Means and standard deviations of feed consumption (FCD) in g d ' and in kj ME d' on 
the commercial (C) and the low energy (LE) diet (11.7 and 10.0 MJ ME kg1, respectively, where 1 MJ 
= 239 Meal) during all periods 
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In Figure 1, the means and the standard deviations of FCD (in g d"1 and in kJ 
ME d"1) during all eleven 4 week periods are given. The time trend and differences 
between the two diets have been discussed elsewhere (Luiting and Urff, 1991). It 
appeared from that study that hens fed the low energy diet consumed, on average, 12 
g d"1 more (P<0.10) than hens fed the commercial diet. From the second period 
onwards, however, they consumed significantly less energy (on average, 43 kJ ME d"1 
less). From Figure 1, it can also be seen that the standard deviations of FCD in g d"1 
differ only slightly between the two diet groups. Therefore, the standard deviations of 
FCD expressed in kJ ME d"1 were somewhat higher on the commercial diet (P<0.01). 
Quantification of RFC 
The mean RFC was not significantly different from zero for the two diets in all 
periods (P = 0.15 to 0.99), as expected by definition. The left side of Figure 2 shows 
the distributions of RFC-T of the two diets. The KS tests for normality resulted in P 
= 0.07 and P= 0.08 (for the commercial and low energy diet, respectively), and 
skewness and kurtosis values were 0.37 and 1.46 (commercial diet) and 0.46 and 0.54 
(low energy diet). Although these statistics give a weak indication for deviation from 
normality, further analyses have been performed without prior transformations. Similar 
distributions were found for the separate periods. 
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FIGURE 2. Frequency distributions of the cumulative residual feed consumption (RFC-T) and of the 
within-animal variation in residual feed consumption (sdRFC) on the commercial (C) and the low 
energy (LE) diet (11.7 and 10.0 MJ ME kg', respectively, where 1 MJ = 2.39 Meal) 
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The R2 values of model (1) are shown in Figure 3, along with the phenotypic 
standard deviations of RFC. The absolute variation in RFC (in g d~\ in kJ ME d"1 and 
in % of the mean FCD) increases gradually. The variation in RFC as a fraction of the 
variation in FCD (i.e. 1 - R2) increases only at the start and end of recording. 
No clear difference in R2 was found between the two diets. The standard 
deviations of RFC in g d"1 were also similar. There was a somewhat higher RFC 
variation in kJ ME d"1 as well as in % of the mean FCD for the commercial diet 
(P<0.01). 
For the commercial diet, the accumulated standard deviation of RFC over all 
eleven periods was 1453 g or 17.0 MJ ME (which is 4.9% of the mean FCD). For the 
low energy diet these figures were 1429 g or 14.2 MJ ME (4.3% of the mean FCD). 
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FIGURE 3. R2 in %, standard deviations of residual feed consumption (<7RFC) in g d' and in kJ ME d'1, 
and coefficient of variation (cvRFC) in % of the mean feed consumption (FCD) on the commercial (C) 
and the low energy (LE) diet (11.7 and 10.0 MJ ME kg'1, respectively, where 1 MJ = 239 Meal) during 
all periods 
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Systematic variation: repeatabilities 
On average over all periods, the repeatability was 0.58 for the commercial diet 
(with 95% confidence limits of 0.57 and 0.59); for the low energy diet this was 0.52 
(0.51 to 0.53). These repeatabilities differ significantly. 
The left side of Figure 4 shows the pooled correlations between RFC calculated 
in different 4 week periods for increasing intervals in between. Of course, at the left 
side of this Figure more correlations have been pooled than at the right side (e.g. 10 
correlations for a 4 week interval, and 2 correlations for a 36 week interval). All 
correlations in this Figure are larger than zero (P<0.01). Periods closer in time had 
higher correlations than periods further away from each other: periods 1 and 11 (very 
different periods from a physiological viewpoint) were still correlated (0.2 to 0.3). 
Periods close in time (up to a 16 week interval) had somewhat smaller correlations 
for the low energy diet than for the commercial diet (P<0.05). 
In the right side of Figure 4, the correlations between RFC during each single 
period and RFC-T are given. All correlations in this Figure are larger than zero 
(P<0.01). Most correlations are about 0.84 (with a 95% confidence interval width of 
about 0.05); at the start and the end of recording the values are somewhat smaller. 
The correlations for the low energy diet are mostly somewhat smaller than for the 
commercial diet (P<0.10 for six out of eleven periods). 
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FIGURE 4. Phenotypic correlations between residual feed consumption (RFC) of 4 week periods with 
increasing intervals (rRFC-int) and between RFC during each single period and the cumulative RFC 
(rRFc~T) °n the commercial (C) and the low energy (LE) diet (11.7 and 10.0 MJ ME kg"1, respectively, 
where 1 MJ = 239 Meal) 
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In the right side of Figure 2 the distributions of sdRFC among periods within 
hens are given for the two diets; clearly, these distributions deviate strongly from 
normal (KS test: P<0.01; skewness and kurtosis: 2.92 and 15.49 for the commercial 
diet, 1.95 and 5.36 for the low energy diet). Because of the increase in variation of 
RFC among hens over time, RFC was standardized within each period; after log-
transformation these distributions became normal (KS test: P>0.15; skewness and 
kurtosis: 0.40 and 0.49; 0.27 and 0.05). The hens on the commercial diet showed a 
lower mean sdRFC then those on the low energy diet (P<0.01). However, the 
variation in sdRFC was higher on the commercial diet (P<0.01). 
Sources of systematic variation in RFC 
The averaged correlations of |RFC| with MBW3/4 and BWG of the 
commercial diet, and those with MBW3/4, EMDc and E(FCD) of the low energy diet 
were different from zero (P<0.05; Table 1). All correlations, however, were rather low 
and most were even negative. The two highest correlations, both with MBW3/4, were 
positive. Only those differed significantly between the two diets (P<0.10). 
TABLE l. Averaged phenotypic within-animal correlations of the absolute value of residual feed 
consumption with metabolic body weight, egg mass production, body weight gain and expected feed 
consumption, and their 95% lower and upper conlidence limits on the commercial and the low energy 
dief 
Trait" 
MBW3/4 
EMDc 
BWG 
E(FCD) 
r 
0.17 
-0.05 
-0.08 
-0.01 
Commercial diet" 
95% LCL 
0.12 
-0.10 
-0.12 
-0.07 
95% UCL 
0.22 
0.00 
-0.03 
0.04 
Low 
r 
0.09 
-0.08 
-0.04 
-0.06 
energy dietc 
95% LCL 
0.04 
-0.13 
-0.09 
-0.11 
95% UCL 
0.15 
-0.02 
0.01 
-0.01 
* 11.7 and 10.0 MJ ME kg', respectively, where 1 MJ = 2.39 Meal;b MBW3/4 = metabolic body weight, 
EMDc = egg mass production, BWG = body weight gain, E(FCD) = expected feed consumption; ° r 
= averaged phenotypic within-animal correlation estimate, LCL and UCL = lower and upper confidence 
limit 
Separate analyses by multiple regression models (1) within the high and low 
RFC groups result in a zero mean regression residual for both groups; therefore, the 
difference in RFC between the groups must be fully expressed in differences in the 
intercept and/or the partial regression coefficients. As can be seen in Table 2, the 
coefficients for MBW /4 differed significantly between the high and low RFC group 
on both diets, whereas those for EMDc and BWG, and the intercepts, did not. When 
using a nonlinear regression model without intercept and with estimation of the 
exponent a of MBW (described by Luiting and Urff, 1991), there was no significant 
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difference in the estimated a (P = 0.60 and P = 0.97 on the two diets) and again only 
the partial regression coefficient for MBW" differed (P<0.01). 
TABLE 2. Pooled intercept and regression coefficients of feed consumption on metabolic body weight, 
egg mass production and body weight gain, estimated within the groups of hens with a negative or a 
positive residual feed consumption on the commercial and the low energy diet* 
Intercept/regression 
coefficient on:b 
intercept (kJ ME d"1) 
MBW3/4 (kJ ME kg'3'4 d') 
EMDc (kJ ME g1) 
BWG (kJ ME g1) 
Commercial diet' 
Low RFC 
74.2 
424.5 
9.3 
18.1 
High RFC 
102.0 
487.2 
8.9 
17.5 
P 
0.23 
0.05 
0.21 
0.45 
Low energy dietc 
Low RFC 
64.3 
448.2 
8.6 
17.8 
High RFC 
71.4 
517.7 
8.4 
16.8 
P 
0.75 
0.05 
0.45 
0.44 
* 11.7 and 10.0 MJ ME kg', respectively, where 1 MJ = 2.39 Meal; " MBW3/4 = metabolic body weight, 
EMDc = egg mass production, BWG = body weight gain; c low RFC = group of hens with negative 
residual feed consumption, high RFC = group of hens with positive residual feed consumption, P = 
significance level of t test for difference between low and high RFC group (Luiting and Urff, 1991) 
Discussion 
Quantification of RFC 
The ranges of R2 values and RFC variation found in our study correspond to 
a residual standard deviation of 50 to 90 kJ ME d"1 or a coefficient of variation of 4 
to 8% This falls within the range of 47 to 180 kJ ME d"1 or a coefficient of variation 
of 4 to 12% as found in literature (Luiting, 1990). Bentsen (1983) found the 
distribution of RFC to be clearly skewed towards the positive end of the scale. Pauw 
(1987) mentioned that RFC was distributed "normally" with regard to skewness (0.05; 
P>0.05); however, kurtosis was significantly too high (4.43; P<0.01). In our data, the 
distributions of RFC were slightly skewed to the positive end of the scale and 
leptokurtic. This can be explained by the fact that environmental variation by for 
example low ambient temperature, debeaking faults and sudden disturbances will 
especially cause a higher RFC. 
Furthermore, it should be noted that the statistics in Figures 1 and 3 are 
interrelated. For the sake of clearness, these relationships will be outlined once more: 
first, FCD in kJ ME d"1 equals FCD in g d"1 times the calculated ME contents of 10.0 
and 11.7 kJ ME g"1. Second, CT2RFC equals (1 - R2) o2FCD, and third, CVRFC equals a ^ c 
divided by the mean FCD. The variation of RFC increases over time, which follows 
from the observed increase of aFCD and the constant or decreasing R2 values. The 
coefficient of variation of RFC (which is a useful statistic for comparison over animal 
species) follows the trend of CTRFC because there is hardly any trend in the mean FCD 
over time. Bentsen (1983) found no increase of a , ^ over the same time traject, but 
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rather constant values between 6.8 and 8.6 g d"1 or 74.1 and 93.7 kJ ME d"1. Averaged 
over 16 to 66 weeks of age, however, he found a similar standard deviation as for 
RFC-T (20 to 64 weeks) in our study: 4.4 g d"1 or 48.1 kJ ME d"1 (from his calculated 
ME content of about 10.9 kJ ME g1) versus 4.6 to 4.7 g d"1 or 46.1 to 55.2 kJ ME d"1. 
Systematic variation: repeatabilities 
On both diets, the large and significant correlations between RFC in the 
different recording periods with increasing intervals, and the large and significant 
overall repeatability, indicate that a large part of the variation in RFC is systematic 
and caused by sources with a permanent effect. Bentsen (1983) found also significant 
correlations between periods with increasing intervals in a WL population with a 
similar recording structure; on average, his correlations were about 0.12 lower. 
From the large and significant correlations of RFC with RFC-T, especially after 
32 weeks of age (r « 0.8), it may be concluded that RFC calculated from part-records 
of feed consumption provides sufficient information for research purposes, and might 
be used to estimate RFC-T in further investigations. Bordas and Mérat (1975) found 
a similar correlation of 0.7 calculated between RFC from a total period of 84 days 
(from 36 to 48 weeks of age) and the last 16 days in this period. Bentsen (1983) found 
also a similar maximum correlation of 0.7 after 32 weeks of age and concluded that 
records after that age can be applied. Because of the small drop in the correlations 
after 56 weeks (also to be seen from the figures shown by Bentsen, 1983), a four week 
recording period is recommended between 32 and 56 weeks of age. 
Still, hens vary in their distribution of RFC over age; sdRFC may be an 
interesting trait if there is any genetic variation regulating intra-animal variability over 
time. So, after transformation to a normally distributed trait, it would be worthwile to 
estimate its heritability. According to Sheldon (1980), selection possibilities for low 
variability may exist. 
Part of this may be clarified by the concept of threshold characteristics 
developed by Robertson and Lerner (1949). As an example may serve the 
phenomenon that a given hen will react by increasing its metabolic heat production 
and therefore its feed consumption (and RFC), if ambient temperature (TA) decreases 
below the hen's intrinsic lower critical temperature (TLC); TA acts as an environmental 
threshold factor. As a result of variation of TA over time, some hens will show varying 
RFC levels over time (because TA is sometimes above and sometimes below TLC). The 
same reasoning may be applied to factors such as infection level and animal 
disturbance; when infection or disturbance levels vary over time (as they are likely to 
do), RFC of many hens will do so too. If this hypothesis is true, a positive correlation 
between sdRFC and RFC-T is expected. Estimation of this correlation gave 0.23 and 
0.17 for the commercial and the low energy diet, respectively (both P<0.05). 
Sources of systematic variation in RFC 
The correlations of | RFC | with EMDc and BWG were, in contrast to the 
hypothesis, weakly negative and not significantly different from zero. The ones with 
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MBW3/4 were small but significantly positive (0.09 and 0.17). Combined, these 
estimates lead to small negative correlations of | RFC | with E(FCD). Bentsen (1983) 
proposed to express RFC as a percentage of E(FCD) (RFC%) to get a better 
description of the relative efficiency of a hen, arguing that a high value for E(FCD) 
should result in a high RFC. Because of the small negative correlations with E(FCD), 
this proposition seems not to be useful. Despite the more normal distribution of 
RFC%, Bentsen (1983) could also not substantiate that RFC% was a more 
characteristic trait than RFC when comparing performances of a hen in different 
periods; no higher correlations between RFC% in different recording periods were 
found. 
So, permanent individual differences in partial efficiencies of egg production 
and body weight gain do not seem to play a role in the RFC variation, whereas 
individual differences in partial requirements of maintenance (MBW3/4) seem to be 
of some importance. 
From the separate multiple regression analyses within the high and low RFC 
groups, it can be concluded that differences in maintenance requirements per kg3''4 are 
responsible for the major part of RFC differences between the high and low RFC 
groups. This further strengthens the above conclusions; in addition, the similarity of 
the intercepts shows that traits not included in the model do not vary much or are not 
very important, and variation in the exponent a of MBW" seems to be not important, 
either. 
Therefore, a large part of the variation in RFC must be connected to variation 
in maintenance requirements per kg3/4. This is in agreement with a survey in 
"metabolic" literature (Luiting, 1990), which showed a large variation among hens 
especially for maintenance heat production per kg3/4 and no important role for the 
partial efficiencies of EMDc and BWG. 
Diets 
The data in Figure 1 suggest that the hens fed on the low energy diet have not 
been able to fully compensate their energy intake, although laying hens are commonly 
believed to regulate their feed intake based on energy requirements. This suggestion 
is based on the assumption that the true energy contents of the diets are different. 
Irrespective of the fact that calculated values have been used, the fact that the aFCD 
are similar for both diets when expressed in g d"1 means that aFCD as expressed in kJ 
ME d"1 is lower on the low energy diet than on the commercial diet. The latter may 
indicate again that many of the hens fed on the low energy diet have reached their 
upper limit of volume intake. This reduced oFCD is fully reflected in the reduced O^Q 
(in kJ ME d"1) because the R2 values are similar for both diets. Because a2^PCD^) 
equals R2 a2FCD, a2E(FCD) in the low energy diet group should be reduced by the same 
order. A closer examination of the data reveals that both the mean and the variance 
of MBW3//4 are reduced in the low energy diet group, whereas the variances of BWG 
and EMDc are unaffected. It seems that the low energy diet results in a reduction of 
body weight growth and residual feed consumption in order to maintain a high egg 
production level. 
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It may be expected that RFC on the low energy diet would offer a better 
description of the efficiency of a hen than RFC on the commercial diet. This can be 
derived from the suggestion of Morris (1972) that differences in partial energetic 
efficiencies between laying hens are expressed more clearly at a suboptimum energy 
consumption. Therefore, one would expect larger correlations, when comparing the 
RFC of a hen in different periods and also larger correlations with MBW3/4, EMDc, 
BWG and E(FCD). The results do not show this, they are even more in the opposite 
direction. Also the variation in sdRFC on the low energy diet was somewhat less than 
on the commercial diet. So, under restricted energy intake less RFC seems to exist, 
and less of it seems to be systematic or related with the maintenance requirement per 
kg3/4. 
In conclusion, a large amount of systematic and permanent variation in RFC 
appears to exist; differences among hens in maintenance requirements per kg3//4 seem 
farmost responsible for this. However, permanent environmental and genetic effects 
may still be confounded, which calls for a genetic analysis. Practical implication should 
be that a four week recording period between 32 and 56 weeks of age is sufficient to 
estimate RFC-T phenotypically. 
Residual feed consumption: phenotypic variation and repeatability 95 
References 
Bentsen, H.B. (1983) Genetic variation in feed efficiency of laying hens at constant body weight and egg 
production. 1. Efficiency measured as a deviation between observed and expected feed consumption. Acta 
Agric. Scand. 33:289-304. 
Bentsen, H.B. (1987) Some aspects of feed efficiency genetics in laying hens. Pages 65-71 in: Proc. 103rd 
NJF-seminar "Genetiske forskelle i foderudnyttelse hos hons", NJFs Utredninger-Rapporter (35). NJF, 
Oslo, Norway. 
Bordas, A., and P. Mérat (1975) Enregistrement sur une courte période de la consommation d'aliment chez 
la poule pondeuse pour l'étude génétique l'efficacité alimentaire. Ann. Génét. Sél. anim. 7:331-334. 
Luiting, P. (1990) Genetic variation of energy partitioning in laying hens: causes of variation in residual feed 
consumption. World's Poult. Sei. J. 46:133-152. 
Luiting, P., and E.M. Urff (1991) Optimization of a model to estimate residual feed consumption in the 
laying hen. Livest. Prod. Sei. 27:321-338. 
Morris, T.R. (1972) Prospects for improving the efficiency of nutrient utilisation. Pages 139-159 in: Freeman, 
B.M., and P.E. Lake, eds. Egg Formation and Production. Longman, Br. Poult. Sei. Ltd, Edinburgh, 
Scotland, UK. 
Meyer, K. (1986) Restricted maximum likelihood estimation of genetic parameters - in practice. Pages 
454-459 in: Proc. 3rd World Congress on Genetics Applied to Livestock Production. Vol. XII. Univ. Neb., 
Lincoln, Neb., USA. 
Pauw, R. (1987) Analyse verschiedener Selektionskriterien zur Effizienzbewertung bei Legehennen. PhD 
Thesis, Rheinische Friedrich-Wilhelms-Univ., Bonn, FRG, 165 pp. 
Robertson, A., and I.M. Lerner (1949) The heritability of all-or-none traits: viability of poultry. Genet. 
54:395-411. 
SAS Institute Inc. (1985) SAS User's Guide: Statistics. Version 5 Edition. SAS Institute Inc., Cary, NC, 
USA, 956 pp. 
Sheldon, B.L. (1980) Perspectives for poultry genetics in the age of molecular biology. World's Poult. Sei. 
J. 36:143-173. 
97 
Chapter 5 
Residual feed consumption in laying hens: 
2. Genetic variation and correlations 
P. Luiting and E.M. Urff 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 338, 
6700 AH Wageningen, The Netherlands 
Accepted for publication in: Poultry Science 70 (1991) 
Reproduced by permission of The Poultry Science Association Inc. ® 
99 
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6700 AH Wageningen, The Netherlands 
The study described here deals with the quantification of the genetic variation 
of "residual feed consumption" (RFC) of hens of a White Leghorn population during 
a 44 week laying period (20 to 64 weeks of age) in 11 time segments of 4 weeks each, 
fed either a commercial or a low energy diet (11.7 and 10.0 MJ ME kg"1, respectively, 
where 1 MJ = 2.39 Meal). The RFC is defined operationally as the difference between 
the observed feed consumption of a laying hen and its consumption as predicted from 
a model with metabolic body weight, egg mass production and body weight gain as 
independent variables. The RFC was found to be highly heritable in all periods. The 
heritability of RFC accumulated over the whole laying period (RFC-T) was estimated 
as 0.42 to 0.62. For each time segment between 32 and 56 weeks of age, genetic 
correlations between RFC and RFC-T were estimated to be larger than 0.91. The 
genetic sources causing variation in RFC during the first part of lay seem to differ 
from those causing variation later on, and to be of less importance during the rest of 
the laying period. It is concluded that RFC shows a considerable systematic and 
permanent additive genetic variance, and that RFC measurements for selection can 
be limited to 1 to 3 time segments between 32 and 56 weeks. Furthermore, less 
environmental variance and therefore higher heritabilities and genetic correlations 
seem to exist in the low energy diet in comparison with the commercial diet. No clear 
differences could be found between genetic and phenotypic correlation estimates of 
RFC with feed consumption, metabolic body weight, egg mass production and body 
weight gain. 
Introduction 
Luiting and Urff (1991b) concluded from multiple regression analyses in a 
population of White Leghorn (WL) laying hens, that 10 to 30% of the variance of 
daily feed consumption (FCD) among hens remained unaccounted for by metabolic 
body weight (MBW3/4), daily egg mass production (adjusted for abnormal eggs, 
EMDc) and body weight gain (BWG). This unexplained term is referred to as 
"residual feed consumption" (RFC), defined operationally as the difference between 
the observed feed consumption of a hen and its consumption as predicted from 
MBW3/4, EMDc, and BWG. In other words, hens showing equal production levels and 
body weights may differ considerably with regard to feed consumption, and therefore 
feed efficiency. 
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Differences among hens in maintenance requirements per kg3/4 seem primarily 
responsible for this and a large amount of systematic and permanent variation in RFC 
appears to exist (Luiting and Urff, 1991b); the repeatability of RFC was estimated as 
0.52 to 0.58. If a large part of this systematic and permanent variation is of genetic 
origin, it might be exploited in a breeding program. 
The study described here deals with the quantification of the genetic variation 
of RFC of hens of a WL population during a 44 week laying period in 11 time periods 
of 4 weeks. This is done by estimating (1) heritabilities of RFC in different time 
segments, (2) genetic correlations between RFC measurements in different time 
segments, and (3) genetic correlations between RFC and MBW3/4, EMDc, BWG and 
FCD per period of 4 weeks. Morris (1972) suggested that differences in partial 
energetic efficiencies between laying hens are expressed more clearly at a suboptimum 
energy consumption. To verify this, the hens in this study were fed with either a 
commercial diet or a low energy diet (11.7 and 10.0 MJ ME kg"1, respectively, where 
1 MJ = 2.39 Meal). 
Materials and methods 
Data 
The population of hens described by Luiting and Urff (1991a) was used for the 
present study. It consisted of 704 hens in 94 half sib (HS) groups of 3 or 4 full sib (FS) 
pairs each (352 FS pairs totally). From 18 weeks of age, when the hens were 
transferred to individual battery cages, one member of each FS pair was fed a 
commercial diet (calculated content 11.7 M J ME kg"1 and 155 g CP kg"1) and the other 
one a low energy diet (10.0 MJ ME kg'1 and 152 g CP kg'1), both ad libitum. Details 
were given by Luiting and Urff (1991a). 
According to Luiting and Urff (1991a), multiple regressions of FCD (in g d"1) 
on MBW3/4 (in kg3/4), EMDc (in g d"1) and BWG (in g d"1) were performed within 
each of eleven 4 week periods (starting at 20 weeks of age) and within each diet; 
furthermore, the residual feed consumption (RFC in kJ ME d"1, where 1 kJ = 2.39 
kcal) was calculated per hen and per period by multiplying with the calculated ME 
contents (Luiting and Urff, 1991b). To investigate the overall performance per hen, 
RFC was averaged over all 4 week periods (RFC-T). Following Manson (1972) an 
averaged RFC per hen was also calculated for the following time segments: 24-32, 
20-32, 32-44, 20-44, 44-64 and 32-64 weeks of age ( R F C ^ , RFC20.32, RFC 3 2 J M , 
RFC20-44, RFC44^4 and RFC32^4 respectively). To investigate the inheritance of 
individual stability of RFC per hen, the standard deviation of RFC among periods 
within each hen (sdRFC) was calculated after standardization and log-transformation 
(Luiting and Urff, 1991b). 
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Heritabilities of RFC 
A univariate restricted maximum likelihood (REML) procedure (the EM 
algorithm by Meyer, 1986) was used to estimate variance components of RFC within 
diet, for each single period, for cumulative periods and for the defined time segments, 
from the following random model: 
RFQj = M + Si + eu (1) 
where i = l,...,s; s = number of sires in the analysis; j = l,...,n; n = number of hens per sire; RFC^ = 
residual feed consumption of hen ij (kJ ME d"1); \i = overall mean; Sj = random effect of sire i; e(j = 
random effect of hen j within sire i. 
Estimates from Henderson's method III were used as starting values for 
variance components. Iteration was stopped when differences in variance components 
between successive rounds were less than 0.01% Genetic variances (o2A) were 
calculated from between-sire variances (a2s) as a2A = 4CT2S, phenotypic variances (CT2P) 
as <j2p = CT2C + a2e, where a2e is the error variance, and environmental variances (a2E) 
as a2E = a\ - a2A. Heritabilities (h2) were derived as h2 = a2A/a2F. Sampling errors 
of genetic parameters were approximated according to Meyer (1986); no formal 
significance tests of parameter diet-contrasts and time trends have been performed in 
view of the non-normal distributions of the parameters and/or the dependence of 
estimates. The same procedure was followed for sdRFC. 
Genetic correlations of RFC over time 
Covariance components of RFC during each single period with RFC-T, of RFC 
accumulated over successively longer periods with RFC-T, and among RFC in the 
defined time segments, were estimated per diet by the same procedure as described 
for variance components, but now from a bivariate random model with the same 
structure as (1), using a multivariate REML procedure with equal designs. Genetic 
covariances (CTAij, where the subscripts i and j denote the traits) were computed from 
the between-sire covariances (aSij) as aAij = 4aSij, phenotypic covariances (aPij) as a?ii 
= aSij + aeij, where acij is the error covariance, and environmental covariances (a^) 
as CTEij = (7Pij - aAi:. Genetic (rA) and environmental (rE) correlations were derived as 
rA = asij/(CTsi asj) a n d rE = crEij/(aEj aEj). The same procedure was followed for 
covariances of RFC-T with sdRFC. 
Genetic correlations of RFC with economic traits 
The same procedure was followed for (co)variances of RFC with MBW3/4, 
EMDc, BWG and FCD per diet and per period, and per diet averaged over periods. 
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Results 
Heritabilities of RFC over time 
The left side of Figure 1 shows the estimated genetic and environmental 
variance components and heritabilities of RFC for single periods. Sampling errors of 
h2 estimates are within the range of 0.16 to 0.24. The h2 estimates vary considerably 
among periods, and have a tendency to decrease with time (about 1.5 to 2 times the 
sampling error). The estimates of a2A show much variation among periods but no clear 
time trend. In contrast, a2E increases gradually over time. Also it seems that h2 
estimates of the low energy diet are on average slightly higher than those of the 
commercial diet. For a2A no clear difference between the diets can be seen, in contrast 
to CT2E which have lower values on the low energy diet. 
The right side of Figure 1 shows the estimated genetic and environmental 
variance components and heritabilities of RFC over accumulated periods. Sampling 
errors of h2 estimates range from 0.21 to 0.23. The same time trends and diet 
differences can be seen as at the left side of Figure 1, but the graphs are more stable, 
the h2 estimates are higher and the u2E estimates are lower. Cumulative h2 estimates 
over the first three periods are very high (0.68 and 0.93 for the commercial and the 
low energy diet, respectively), whereas a2A estimates are somewhat larger and a2E 
estimates much smaller than in later periods. After that, cumulative h2 decrease 
gradually to 0.42 and 0.62 for the commercial and low energy diet, respectively, a2A 
seems to be rather stable and a2E increases to a certain level after cumulation to 6 or 
8 periods. 
Genetic correlations of RFC over time 
The left side of Figure 2 shows the genetic and environmental covariances and 
correlations of RFC measurements in each single period with the averaged RFC-T. 
Sampling errors of rA estimates range from 0.06 to 0.28. Whereas a2E (Figure 1) 
increases continuously, aEii increases primarily in the beginning. Therefore, rE is lower 
at the beginning of the laying period (especially for the low energy diet). Just as for 
CT2A (Figure 1), the estimates of aAi: do not show a clear time trend. Thus, rA estimates 
show little of a pattern in time (they are all very close to unity), except for a small 
increase in the first few periods. 
The rA estimates do not differ clearly between the two diets, with the possible 
exceptions of the first two periods and at the end of the laying period, when the low 
energy diet has the highest values. The rE estimates are generally a bit lower on the 
low energy diet, which is the result of lower aEÏ and less lower CT2E (Figure 1). 
The right side of Figure 2 shows the genetic and environmental covariances and 
correlations of RFC accumulated over successively longer periods with RFC-T. 
Sampling errors of rA estimates range from 0.00 (for estimates close to unity) to 0.24. 
Again, the same time trends and diet differences can be seen as in the left side of 
Figure 2: very high rA estimates (up to unity), especially after the first two periods; 
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more aw and, only at the beginning of the laying period, somewhat smaller rA on the 
commercial diet than on the low energy diet. 
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FIGURE 1. Heritabilities (h2), genetic (a2A) and environmental (a2g) variances of residual feed 
consumption on the commercial (C) and on the low energy (LE) diet (11.7 and 10.0 MJ ME kg"1, 
respectively, where 1 MJ = 2_39 Meal) during each single period (RFC-period in kj ME d"1) and during 
successively longer accumulated periods (RFC-cumulative in kj ME d ') 
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FIGURE 2. Genetic and environmental covariances (CTA8 and om) and correlations (rA and r^ ) of 
residual feed consumption during each single period (RFC-period in kj ME d') with the total RFC 
(RFC-T in kj ME d"1), and of the RFC accumulated over successively longer periods (RFC-cumulative 
in kj ME d1) with RFC-T, on the commercial diet (C) and on the low energy (LE) diet (11.7 and 10.0 
MJ ME kg"1, respectively, where 1 MJ = 239 Meal) 
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Heritabilities and genetic correlations of RFC time segments 
Table 1 gives the estimated heritabilities of and genetic correlations among the 
defined time segments. These parameters follow the same trends as observed for the 
single and accumulated periods. Up to 32 weeks of age h2 estimates are higher than 
after that age (especially for the low energy diet) but estimates of rA with RFC-T are 
lower (especially for the commercial diet). Estimates of accumulated h2 and rA remain 
higher and lower, respectively, when the first periods up to 32 weeks are included. All 
genetic parameter estimates are higher on the low energy diet than on the commercial 
diet. 
TABLE 1. Heritabilities (h2) of and genetic correlations (rA) between residual feed consumption of different time 
segments of the two diets (commercial diet*: rA and h2 in the upper right triangle, with h2 on the diagonal; low 
energy diet': rA and h2 in the lower left triangle, with h2 on the diagonal) 
RFQo-n 
RFC24_32 
RI* (--20-32 
R F C ^ 
RFC***, 
RFC«.« 
RFC32^ 
RFQo-w-T0 
RFCJO.M 
0.86 0.55 
0.84 
0.94 
0.71 
0.86 
0.66 
0.67 
0.79 
RFC24.32 
0.77 
0.80 0.57 
0.98 
1.00 
1.00 
0.86 
0.92 
0.95 
RFC20-32 
0.88 
0.98 
0.97 0.65 
0.93 
0.99 
0.80 
0.86 
0.93 
R F C ^ 
0.36 
0.71 
0.63 
0.45 0.43 
0.98 
1.00 
1.00 
1.00 
RFC2(M4 
0.69 
0.92 
0.90 
0.91 
0.74 0.48 
0.92 
0.94 
0.98 
RrC«.^ 
0.43 
0.43 
0.46 
0.90 
0.74 
0.43 0.41 
1.00 
0.98 
R F C 3 2 - M 
0.42 
0.55 
0.54 
0.97 
0.83 
0.98 
0.48 0.41 
0.99 
R F C J O ^ - T 
0.63 
0.71 
0.74 
0.95 
0.93 
0.93 
0.97 
0.62 0.42 
* Commercial and low energy diet containing 11.7 and 10.0 MJ ME kg"1, respectively, where 1 MJ = 2.39 Meal; 
bRFCi.j = residual feed consumption of the time segment between i and j weeks of age; c T = total recording 
period 
The h2 estimates for sdRFC were 0.06 and 0.15 for the low energy and the 
commercial diet, respectively (sampling errors 0.05 to 0.26). Estimates of rA with 
RFC-T were 0.29 and 0.04 (sampling errors 0.57 to 0.82). 
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FIGURE 3. Heritabilities (h2) of feed consumption (FCD), metabolic body weight (MBW3/4), egg mass 
production (EMDc) and body weight gain (BWG), and genetic correlations of residual feed consumption 
(rA-RFC) with FCD, MBW3/4, EMDc and BWG during each single period and accumulated over all 
periods (T), on the commercial diet (C) and on the low energy (LE) diet (11.7 and 10.0 MJ ME kg', 
respectively, where 1 MJ = 239 Meal) 
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Genetic correlations of RFC with economic traits 
Estimates of h2 for FCD, MBW3/4, EMDc and BWG, as presented at the left 
side of Figure 3, resulted in 16 out of 66 (diets * traits * periods) cases in either non-
convergent (four cases) or impermissible results (a2A<0; 12 cases); most of these cases 
apply to EMDc and BWG. The estimates of h2 for FCD and MBW3/4 indicate additive 
genetic variation during the whole laying period. For MBW3/4 higher h2 values were 
obtained for the commercial than for the low energy diet; for FCD no such diet 
difference was found. For EMDc and BWG h2 seem to reduce over time and to reach 
zero values. 
Estimation of genetic correlation coefficients per period between RFC and 
FCD, MBW3/4, EMDc and BWG resulted in 15 more cases in impermissible results 
( | rA | > 1); most of these cases apply to EMDc and BWG in periods with very low h2. 
When the traits were averaged over all periods, two rA estimates were | rA | > 1. The 
obtained rA estimates have often very high sampling errors (0.16 to 0.94), especially 
when h2 estimates were almost zero. The rA estimates between RFC and FCD seem 
to be positive, whereas no clear values could be obtained for the ones of RFC with 
MBW3/4, EMDc and BWG (at the right side of Figure 3). 
Discussion 
As a general remark, the limited size of the two populations (i.e. diet groups) 
causes difficulties when interpreting the results. In view of the large sampling errors 
on the genetic parameter estimates, the derivation of variance components due to 
additive genetic and environmental effects is not very likely to result in consistent and 
meaningful figures for the two diets. Nevertheless, some tentative conclusions will be 
drawn by generalizing the contrasts among the time periods over the two diets, and 
the contrasts between diets over the various periods, so that combination with present 
(and future) other estimates may provide more reliable information. 
Heritabilities of RFC 
The h2 estimates of RFC were very high ( > 0.5) up to about 28 weeks of age 
in the commercial diet and up to about 32 weeks in the low energy diet. After that the 
h2 estimates stabilize around 0.3 to 0.4 for both diets. Similar estimates and age trends 
in h2 were found for RFC in WL populations by Bentsen (1983) from 16 to 66 weeks 
of age (starting at about 0.5 and stabilizing around 0.2 to 0.3) and by Katie (1987) 
from 16 to 40 weeks of age (starting at about 0.6 and stabilizing around 0.4), whereas 
the estimates from Wing and Nordskog (1982) for RFC in WL between 32 and 36 
weeks of age (0.15 to 0.29) are rather low but fall within the range of our study. In 
contrast, Arboleda et al. (1976) obtained in WL for two 4 week periods with 8 weeks 
in between (before and after the peak of lay) about zero estimates of h2 for RFC. 
A decrease in h2 with age has often been reported for traits related to egg 
production, egg quality and body weight (Clayton and Robertson, 1966; Tawfik et al., 
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1976; Flock, 1977; Liljedahl et al., 1984; Engström et ai, 1990). In most cases this 
involves an increasing a2E with age. The most probable explanation for this 
phenomenon is that the hens have increasing difficulties in coping with cumulative 
environmental stress (see Orgel, 1963; Gavora et al., 1980). Liljedahl et al. (1984) and 
Engström et al. (1990) also found increasing a2A with age for egg production. In our 
study, CT2E increased, but a2A did not increase. The steady increase in a2¥ of RFC with 
age in both diets, as described by Luiting and Urff (1991b), is primarily the result of 
this increase in a2E, because no clear pattern can be seen in the a2A (see Figure 1). 
Accumulation of periods gave more stable and higher h2 estimates than per 
period, presumably by the fact that random error on the estimates is diminishing with 
increasing accumulation, which also becomes evident from the lower a2E and the 
similar a2A levels. Accumulated h2 estimates for the whole laying period from 20 to 
64 weeks of age (RFC-T) were 0.42 and 0.62 for the commercial diet and the low 
energy diet, respectively. Furthermore, cumulative h2 estimates stay high because of 
inclusion of the first periods up to 32 weeks of age. Accumulation of periods after 32 
weeks of age (Table 1) gave h2 estimates of about 0.4 for both diets. In most reports 
concerning light laying hens similar estimates for accumulated whole laying periods 
are given (Hagger and Abplanalp, 1978, from 20 to 60 weeks: 0.30 to 0.61; Bentsen, 
1983, from 16 to 66 weeks: 0.53; Katie, 1987, from 16 to 40 weeks: 0.77; Pauw, 1987, 
from 20 to 72 weeks: 0.4), and accumulation after the first weeks gave often somewhat 
lower estimates (Hagger and Abplanalp, 1978, from 40 to 60 weeks: 0.22 to 0.64 and 
Bentsen, 1983, from 34 to 66 weeks: 0.35). 
Although the differences in h2 estimates between diets are mostly not much 
larger than the respective sampling errors, the general pattern seems to point to 
higher h2 estimates on the low energy diet than on the commercial diet, often as a 
result of a lower <J2E and a similar a2A. This means a lower a2P which has been 
discussed already by Luiting and Urff (1991b). In that study it was concluded that the 
low energy diet results in a reduction of body weight gain and residual feed 
consumption in order to maintain a high egg production level. This effect must be 
largely environmental: it seems that hens that spend surplus energy for RFC-related 
processes simply adapt when being fed on a low energy diet, but a2A appears to be 
unaffected. However, the difference in h2 estimates that is observed in the cumulative 
figures seems to be caused only by differences in h2 estimates before 32 weeks of age 
(see also Table 1). The latter estimates on the low energy diet are probably 
overestimates due to sampling errors. 
It was suggested by Luiting and Urff (1991b) to estimate h2 for sdRFC as a 
measure of individual stability over time. This hypothesis was supported by the small 
positive phenotypic correlation (rP) between sdRFC and RFC-T (Luiting and Urff, 
1991b). The genetic parameter estimates from this study are rather low and not very 
conclusive because of the high sampling errors. 
Genetic correlations of RFC over time 
On both diets, the time trend in rP of RFC during each single period with 
RFC-T, as described by Luiting and Urff (1991b), is similar to the time trend in rE 
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given in this study. The values of the rE and rP are very similar after the first few 
periods. It follows that rA estimates are very close to unity with the exception of the 
first periods. Also it seems that the small difference in rP between the two diets, as 
described by Luiting and Urff (1991b), is primarily the result of a small difference in 
rE. Furthermore, the conclusion of diminishing random error on the estimates of 
cumulative variances (Figure 1), leading to more stable-looking graphs, holds here as 
well for the cumulative covariances and correlations. On the commercial diet, rA 
estimates between the first three periods and the total accumulated RFC (0.6 to 0.8) 
were somewhat lower than in later periods (almost unity). In the low energy diet, this 
lower value is only observed for the first period. Table 1 also shows that rA estimates 
between RFC measured up to 32 weeks of age and later measurements are relatively 
low. Together with the time trend in h2, this indicates that the genetic sources causing 
variation in RFC during the first part of lay differ from those causing variation later 
on, and are of less importance during the rest of the laying period. Clayton and 
Robertson (1966) drew the same conclusions with regard to body weight (gain) and 
egg weight. Flock (1977) observed the same phenomenon with egg production, both 
on part-time (8 week periods) and cumulative records. Liljedahl (1989) interpreted low 
rA estimates (0.58 to 0.74) between early and later egg production data as an 
indication of genotype * environment interaction. In this interpretation, age is 
considered as an internal environment. Following his reasoning, in our hens about 
29% of gene action responsible for RFC would be common to the two ages (RFC20.32 
versus RFC32.54, Table 1) on the commercial diet. 
Genetic correlations of RFC with economic traits 
Just as rP of RFC with MBW3/4, EMDc and BWG per period, rA do not clearly 
differ from zero. The rA between RFC and FCD per period seem to be positive just 
as rP (square root of 1 - R2; see Luiting and Urff, 1991b); on the commercial diet they 
have the same magnitude as rP, whereas on the low energy diet they are somewhat 
higher. For breeding purposes it would be better to estimate RFC by using genetic 
rather than phenotypic parameters. Of course, this would require estimates of rA per 
period, which demand data from large numbers of related animals. This is the reason 
why they are scarce or have large sampling errors in the literature. The fact that no 
clear differences could be found in our study between the estimates of rP and rA of 
RFC with MBW3/4, EMDc and BWG per period, suggests that calculation of RFC by 
phenotypic multiple regression analyses is an acceptable alternative in a breeding 
program if no reliable estimates of rA are available. 
In conclusion, the h2 of the total accumulated RFC-T was 0.42, and the aP was 
4.7 g d"1 (Luiting and Urff, 1991b) on the commercial diet; the expected response from 
direct selection of nucleus females for a low RFC, with selection intensity i = 1, will 
be about 2.0 g d"1 on the nucleus level. Because of the high h2 and rA with RFC-T, 
recording during a short time traject will still give a high expected selection response: 
one period of 4 weeks after 32 weeks of age (h2 about 0.3 and rA with RFC-T about 
0.95) gives 1.6 g d"1, three successive periods from 32 to 44 weeks of age (h2 0.43 and 
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rA with RFC-T 0.95) gives 1.9 g d'1. Measuring during one or a few periods will 
improve the ratio between savings and costs of RFC selection. A similar measurement 
period was recommended for phenotypic studies, based on the estimated 
repeatabilities (Luiting and Urff, 1991b). Furthermore, more reliable estimates of 
genetic correlations between RFC and economic traits are needed. 
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Introduction 
In the laying hen sector the major part of the total production costs is made up 
by feed costs. Feed costs, independent from egg production, are responsible for an 
important part of the variation in net income between egg producers (Vervoort, 1982). 
This economic parameter corresponds with the technical parameter feed conversion 
(feed consumption / egg mass production: FC/EM). Therefore, especially in the 
context of the present decrease in the egg price / feed price ratio in the EEC and 
USA (Winfridsson, 1990), a low FC/EM should be an important aim of breeding. 
feed consumption data 
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FIGURE 1. Dutch Random Sample Test data from 1967 to 1988 (Evers and Zeelen, 1967 to 1988): feed 
consumption (FC), expected feed consumption (E(FC); by means of NRC (1984) standards) and their 
difference 
From Random Sample Tests data of the last 20 years it can be seen that an 
important improvement in FC/EM has been reached (Kolstad, 1987; McMillan et al., 
1990; Figure 2 in the "General introduction"). This trend resulted mainly from 
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correlated responses to selection for high egg mass production (EM) and low body 
weight (BW). These correlated responses are also found in the literature on selection 
experiments for high egg production or low BW, and in genetic correlation estimates 
in large data sets (Figure 4 in the "General introduction"). Very little, if any, direct 
selection for FC/EM has been practised. Moreover, comparison of observed with 
expected (from NRC (1984) standards; see formula (1) in the "General introduction") 
feed consumption levels for the Dutch Random Sample Test data from 1967 to 1988 
(Evers and Zeelen, 1967 to 1988) shows no clear decrease or increase in time trend 
(see Figure 1; the time trend of the difference between observed and expected feed 
consumption was b = -0.11 g d"1 per year, r = -0.22). Apart from the fact that the 
NRC (1984) standards underestimate FC, the absence of a time trend in the difference 
between observed and expected feed consumption reveals that the practised indirect 
selection has achieved no clear improvement in net efficiencies. 
Because of the probable approach of some physiological limit of egg production 
(Fairfull and Gowe, 1990), because of the already reached optimum egg weight and 
BW, and because of the principle of diminishing returns by an increasing level of EM 
(Figure 5 in the "General introduction"), the usual genetic improvement of FC/EM 
will become more difficult in an absolute and in a relative sense. This means that 
direct selection for improved FC/EM (which is a measure of gross efficiency) should 
receive more attention in breeding research for egg production than it has up to the 
present time. 
Because of the important shares of EM and BW in the trait FC/EM, an 
important part of the improvement of FC/EM that can be realized by direct selection 
for a low FC/EM will arise from correlated responses towards a low BW and a high 
EM (Pirchner, 1980; Wang et al., 1991). But a lower BW is not desired any longer and 
a higher EM is relatively easier and cheaper to obtain by means of direct selection for 
high EM. Furthermore, selection for a ratio is not quite surveyable and the results are 
unpredictable (Gunsett, 1984; Essl, 1989). 
It follows that the part of variation in FC/EM that is not accounted for by 
variation in BW and EM (i.e., the part that would require the laborious and expensive 
FC measurement) is not used in an optimum way. To investigate both the selection 
responses of the various underlying traits (BW and EM, and the part of FC/EM not 
accounted for) and the possibility of control of these réponses in the way the breeder 
wants them, further study of the genetic aspects of the part not accounted for seemed 
to be relevant. The term "residual feed consumption" (RFC) is used for this not 
accounted part, and is the main issue in this thesis. RFC in laying hens is defined as 
the difference between the observed FC of a hen and its consumption as predicted 
from EM, BW and change in body weight (and is, thus, a measure of net efficiency). 
In this chapter, we will first discuss the backgrounds of the physiological 
variation in FC/EM that is presently not exploited for breeding, then the genetic 
aspects of the variation in RFC and the possibilities to utilize this variation for 
breeding, and finally some of the possible side effects of breeding for feed efficiency 
through selection for low RFC. With regard to the first topic, the information that was 
given in the literature review of Luiting (1990) will be briefly summarized. Many of 
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the aspects that remained unresolved in that review have been examined in the 
subsequent chapters of this thesis (Luiting and Urff, 1991a, 1991b, 1991c; Luiting et 
al., 1991a), and the results of these studies will be summarized and complemented 
with more recent research results from the literature in order to reach an up-to-date 
account of the presently unexploited variation in FC/EM. The emphasis will be on 
RFC and its possible sources. In all sections, we will first give a brief account of mean 
levels of the components under consideration, followed by an overview of their 
variation and the possible contribution of this variation to the variation of RFC. 
Systematic environmental and nutritional effects have not been incorporated 
into this discussion; the multiple regressions to calculate RFC that have been included 
were performed within strains, time periods, age classes, diets etc. Therefore, the 
emphasis of the following discussion will be on genetic differences. Of course, non-
systematic environmental effects cannot be avoided. 
Physiological variation in FC/EM unexploited for 
breeding purposes 
When multiple linear regression of FC on metabolic body weight (MBW), egg 
mass production (EM) and body weight gain (BWG) is performed between or within 
strains of laying hens, a standard deviation of 47 to 180 kJ ME d"1 (i.e., around 4 to 
16 g d"1) remains unexplained by these effects (concluded from a literature survey, 
Luiting, 1990). This corresponds with R2 values between 1 and 95% In our own White 
Leghorn population about 75% of the variance of FC between individual laying hens 
appears, on average, accounted for by MBW, EM and BWG; RFC showed a standard 
deviation of 4 to 8 g d"1 (Luiting and Urff, 1991b). These figures have been combined 
with the aforementioned and more recent literature results into Figure 2. The standard 
deviation of RFC (lower part of Figure 2) depends on the standard deviation of FC 
and on R2 (upper part of Figure 2). Three phenomena appear from this Figure. The 
range for light hen populations is smaller than for medium-heavy ones. In medium-
heavy hens the standard deviation of RFC tends to increase with increasing age during 
the first laying cycle (up to 75 weeks of age), and it seems to be smaller when 
measurements are performed over a longer period. These trends are less obvious for 
light hens, but are clearly present within our own light White Leghorn population (see 
Figure 2 in Luiting and Urff, 1991b). 
This unexplained variance of RFC may have six hypothetical sources: (1) 
experimental errors, (2) errors in the statistical model, (3) variation among animals 
in the intercept, (4) variation among animals in partial regression coefficient for 
MBW, (5) variation among animals in partial regression coefficient for EM, (6) 
variation among animals in partial regression coefficient for BWG. From a breeding 
point of view, the latter four points are potentially interesting. 
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FIGURE 2. R2 (in %) and ar (in g d') of residual Teed consumption of light and medium-heavy hens 
from various literature sources (reference numbers 1, 2, 3, 4, 6, 8,10, 11,12, 15, 16,18, 20, 21, 22,26, 
27,29, 30,31, as indicated in the reference list, and 34: P. Luiting, unpublished results) in dependence 
of age; symbols indicate the average age at measurement, the bars indicate the total length of the 
measurement period 
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(1) Experimental errors 
For calculation of RFC, measurements of FC, BW and EM are needed. We 
(Luiting and Urff, 1991a) measured FC weekly by weighing feed residues in individual 
feed troughs (see Appendix 1), which were successfully designed to prevent feed 
wastage. However, in replicate 2 in the high-low sampling studies (Luiting et al., 
1991c), where the change of type of feed trough created feed wastage, it appeared to 
increase RFC, although not significantly. This confirms the statement of Pym (1990): 
"... variation in this trait [wastage] can be eliminated by the use of well designed and 
managed feeders. It is further a difficult trait to quantify and obviously one that either 
requires elimination or accurate measurement in a breeding program for improved 
food utilization efficiency". 
BW was measured at fixed 4 week intervals, and was adjusted for eggs laid 
after BW measurement on the same day. EM was obtained by counting and weighing 
all eggs twice a week, except for soft-shelled eggs, which were allocated the mean 
normal egg weight of that bird. Therefore, it may be assumed that the impact of 
experimental errors on our calculated RFC is limited. 
Large and significant correlations between RFC in different recording periods 
were found (Luiting and Urff, 1991b); they accumulate into a large and significant 
overall repeatability (0.52 and 0.58). Even more, in the same population, a significant 
correlation between RFC measurements in the first and second laying cycle was found 
(0.61; De Gronckel, 1987). Bordas and Mérat (1975) and Bentsen (1983a) found also 
significant correlations for RFC between recording periods. These results indicate that 
a large part of the variation in RFC is systematic and caused by sources with 
permanent effects. The large estimates of heritability of RFC indicate the same 
(Luiting and Urff, 1991c). 
The same holds for the numerous significant correlations of RFC with 
characteristics related to energy metabolism (feathering, fasting heat production, comb 
and wattle size, yolk and egg energy fraction) as reviewed by Luiting (1990). 
Moreover, a significant part of the differences in RFC was explained by traits related 
to energy metabolism in high-low sampling studies (Luiting, 1990; Luiting et al., 
1991c). 
It can be concluded that experimental errors are, therefore, unlikely to be 
important for RFC. 
(2) Errors in the statistical model 
Maintenance 
The simplest approximation of FC in relation to maintenance involves a 
function of BW with a zero intercept and an exponent of 3/4 (MBW3/4), following 
from analyses between species (Mount, 1979). However, another exponent (a) than 
3/4 may well provide a better fit to data from a single species. We studied two 
alternatives (Luiting and Urff, 1991a): a non-linear approximation with a as a 
parameter to be estimated, and an approximation by inclusion of an intercept into the 
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model with a = 0.75. Both alternatives turned out to be equally superior to the model 
with a zero intercept and a = 0.75, but the observed significant superiority was small 
(1.3% increase in the proportion of the variation in FC that was explained). Within 
his lines, Bentsen (1983a) found no significant contribution of the intercept with a = 
0.75. Hagger and Marguerat (1985) found the same R2 for three models with an 
intercept and different values for a (0.5, 0.75, 1.0); the estimated partial regression 
coefficient for MBW increased with decreasing exponent a, but this was compensated 
for by rather large changes in the intercepts. Moreover, they found no difference in 
R2 either when BW was taken in g instead of kg. These results could obviously arise 
from the almost perfect linearity of the relationship between BW and transformed 
body weight when dealing with BWs between 1 and 3 kg, as with layers. This linearity 
is found regardless whether BW enters the transformation expressed in kg or in g. 
In conclusion, MBW with a = 0.75 seems to be a good parameter to predict 
feed requirement for maintenance. Inclusion of an intercept seems to be safest: the 
right exponent is unknown, and treating the exponent as a regression parameter to be 
estimated would require rather laborious calculations, and would give more problems 
in making comparisons with the literature. 
Egg production 
The simplest approximation of FC related to egg production is EM. Then, 
differences in egg energy density, which will also influence feed requirements for egg 
production, are not taken into account. An approach to account for egg energy density 
differences would be to add some function of egg weight to the regression model, 
because the weight of an egg is highly correlated with its energy content (Sibbald, 
1979; Damme et al, 1982). We tested two alternatives (Luiting and Urff, 1991a) and 
concluded, in agreement with a third alternative worked out by Bentsen (1983a) that 
these did not offer any better explanation of the variation in FC than the 
"uncorrected" EM did. 
Still, the weight of an egg is only an approximation of its energy content. 
Hagger and Marguerat (1985) compared a regression model including EM with 
models including total yolk and albumen mass, and energy and protein in soft egg 
mass. Variation in the efficiency of the models was small; the inclusion of egg mass 
components did not increase the accuracy (R2) of the expected feed consumption 
(E(FC)). Similar comparisons were made in two generations of our own population 
(Van Diemen, 1988, and unpublished results), which led to non-significant increases 
of R2 up to 2.7% Only when egg energy content showed a large variation, as in the 
case of double-yolk and small yolkless eggs, adjustment on the basis of egg energy 
content may significantly improve the model, as was shown in our own data (Luiting 
and Urff, 1991a) in the first two 4 week periods, where such eggs occurred. 
In conclusion, EM corrected for abnormal eggs seems to be a good parameter 
to predict feed requirement for egg production. 
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Body growth 
The simplest approximation of FC related to body growth is BWG. Because the 
partial efficiency of feed for BWG is lower than the efficiency of catabolisation of 
body mass (Hoffmann and Schiemann, 1973), different regression coefficients for 
positive and negative BWG might be used. We tested two alternatives (Luiting and 
Urff, 1991a) and concluded, in agreement with Bentsen (1983a) that these did not 
offer any better explanation of the variation in FC than BWG as one variable did. 
In conclusion, BWG seems to be a good parameter to predict feed requirement 
for body growth. 
Mortality, morbidity and sexual maturity 
The effects of mortality, morbidity and sexual maturity may affect FC records 
if they are not taken into account. All three are included in selection programs in 
industry; to deal with FC/EM effectively in a direct selection program, FC should be 
free of their effects (Fairfull and Chambers, 1984, found a genetic correlation between 
RFC and laying mortality up to 497 days of 0.27). If not, selection for FC/EM may 
become an expensive method of indirect selection for mortality, morbidity or sexual 
maturity. 
Mortality and morbidity have a similar effect on FC as on egg production traits, 
by increasing environmental variation. In order to reduce these problems, we have 
excluded records of sick and dead birds when calculating RFC (Luiting and Urff, 
1991a). In addition, to reduce the possible effects of subclinical disease, records for 
birds with an outlying performance were removed based on a kurtosis test and on 
Cook's D criterion. 
Sexual maturity is not only a measure of the onset of egg production, but also 
an indicator of growth, egg size and rate of egg production. Hens continue to grow 
after the onset of egg production, but decelerating, until mature body size is attained: 
in a given period, early maturing hens will tend to grow less than later maturing hens. 
Egg size increases throughout the pullet laying cycle: when compared at the same age, 
early maturing hens will tend to lay more and larger eggs than later maturing hens. 
Therefore, variation in sexual maturity will be accounted for to some degree by any 
adjustments for BWG and EM. 
This may be the reason why the addition of age at first egg (AFE) to our 
regression model to calculate RFC in 4 week periods was overall non-significant 
(Luiting and Urff, 1991a). Bentsen (1983a) measured FC in four 2 week periods from 
20 to 28 weeks of age and obtained similar results in an RIR population, but found 
a significant influence of sexual maturity in a WL population. The discrepancy 
between his and our WL results may be explained by the fact that we have adjusted 
EM for double-yolk and yolkless eggs (which was significant in the first two 4 week 
periods from 20 to 28 weeks of age), thus accounting for differences in energy density 
of EM between early and later maturing hens. In addition, the standard deviation of 
AFE in Bentsen's (1983b) WL hens was 25% larger than in our population. The 
significant effect of AFE found by Hagger and Abplanalp (1978; WL) and Hagger and 
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Marguerat (1985; a medium heavy line) in a regression model from 20 to 40 weeks 
of age (and in the former case also from 40 to 60 weeks of age) is not comparable 
with the results of Bentsen (1983a), nor with our results. The degree to which sexual 
maturity can be accounted for by adjustment for BWG and EM is smaller over such 
a long period: residual analysis of regression of FC on MBW, EM and BWG showed 
significant effects of time (Luiting and Urff, 1991a). Correlations of AFE with RFC 
(as calculated over periods with many different lengths) range from -0.2 to 0.2 in the 
literature (see Figure 5); the overall picture points to the absence of a correlation. 
If AFE is found to be significant, it should be included in the regression model 
to calculate RFC. However, genetic effects of sexual maturity on RFC might be better 
avoided by measuring FC after the onset of lay (Luiting and Urff, 1991c): the genetic 
sources that cause variation in RFC during the first part of lay seem to differ from 
those that cause variation later on, and to be of less importance during the rest of the 
laying period. The necessity to adjust for the occurrence of double-yolk and small 
yolkless eggs is then removed. 
As a general conclusion, "model" errors are unlikely to be important for RFC 
variation. Finally, the optimum regression model for calculation of the trait residual 
feed consumption (RFC) seems to involve the regression of FC of healthy and normal 
hens on MBW with a = 0.75 (including an intercept), EM (adjusted for abnormal 
eggs) and BWG, within short time periods (and with no significant interactions 
between the independent variables; Luiting and Urff, 1991a). 
In the following discussion, reference will be made to a number of literature 
sources that derive RFC values from slightly different multiple regression models of 
FC on MBW, EM and BWG, e.g. using different metabolic exponents and including 
or excluding an intercept. 
(3) Variation among animals in the intercept 
If RFC variation would be influenced by variation among animals in feed 
demanding processes other than the ones discussed in the preceding sections and not 
proportional to MBW, EM and BWG, the regression approach used here would lead 
to variation among animals in the intercept. From the similarity of the intercepts from 
the separate multiple regression analyses within the group of hens with a positive RFC 
and the group of hens with a negative RFC (Luiting and Urff, 1991b) it can be 
concluded that such processes are not very important for RFC variation. 
(4) Variation among animals in partial regression coefficient for MBW 
In our own data (Luiting and Urff, 1991a), the partial regression coefficients 
of FC on MBW (averaged over eleven 4 week periods) were estimated as 39.5 and 
48.1 g kg"3/4 d"1 for a commercial and a low energy diet, respectively. Most values for 
MBW found in the literature are between 30 and 60 g kg"3/4 d"1 (NRC, 1984; Bentsen, 
1983a; Hagger and Marguerat, 1985; Katie, 1987; Tuiskula-Haavisto, 1987). Of course, 
this variation in the partial regression coefficient for MBW depends on inclusion of 
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an intercept; the choice of the exponent a unequal to 0.75 and expressing BW in g, 
which is often seen in the literature, increase it even more. 
The significant positive within-animal correlation estimates of | RFC | with 
MBW, and the significant differences in the regression coefficient estimates for MBW 
from separate multiple regression analyses within the group of hens with a positive 
RFC and the group of hens with a negative RFC (Luiting and Urff, 1991b) indicate 
that variation among animals in the regression coefficient for MBW plays a role in 
RFC variation. 
In the latter analyses, the RFC differences were reflected solely in the 
differences in these particular regression coefficients; all the other parameters did not 
differ significantly between the groups. Thus, the role of the partial regression 
coefficient for MBW seems to be a major one. It can be expressed as ( NEm kg~3/4 d"1 
/ km ) / ME g"1 feed (Luiting, 1990), and is determined by the concentration of 
metabolizable energy (ME g"1 feed) in the diet, the requirement of net energy for 
maintenance (NEm kg"3/4 d"1) and the degree of net energetic efficiency for 
maintenance (km). It is evident that their variation is influenced by age of hens, 
duration of test periods, concentration of gross energy in the diets and other 
environmental effects. But, genetic variation might exist also in all these underlying 
characteristics. 
Metabolizability 
In the literature review (Luiting, 1990) it was found that genetic variation in 
metabolizability is, absolutely and relatively, very small and mainly caused by variation 
in FC. However, a large part of this variation seems to be related to BW and EM, and 
is, therefore, accounted for by the model. In accordance with this, no clear difference 
in ME g"1 feed was found in our high-low sampling studies for RFC (Luiting et al., 
1991c). 
Maintenance 
Within the framework of this thesis, "maintenance" is defined as the complex 
of physical activity, sustaining body temperature (thermal regulation, insulation), 
maintenance of body tissues, and basal metabolic rate (blood circulation, heart beat, 
respiration). 
In the literature on calorimetric experiments and regression analyses, reported 
differences in maintenance requirements between extreme strains vary from 41 to 113 
kJ kg"3/4 d"1; the reported standard deviations among individuals vary from 23 to 80 kJ 
kg-3/? (j-1 (Luiting, 1990). This variation in maintenance requirement seems to be 
responsible for the main part of the variation in RFC that was mentioned at the 
beginning of this section "Physiological variation in FC/EM unexploited for breeding 
purposes" (equivalent to a standard deviation of 31 to 120 kJ ME kg"3/4 d"\ assuming 
an average MBW of 1.5 kg3/l4). 
In our high-low sampling studies for RFC (Luiting et al., 1991c) the low RFC 
hens produced significantly less heat than the high RFC hens; the same was found in 
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two other high-low RFC sampling studies (Morrison and Leeson, 1978; Katie et al., 
1984). Because the hens of the extreme groups were also selected to have similar BW 
and EM, the differences in heat production in these experiments (varying from 63 to 
171 kJ kg"3/4 d"1) are a reflection of the differences in maintenance requirement 
(indeed, adjustment for heat increment of production changed the heat production 
differences by only -1 to 9 kJ ME kg"3/4 d"1; Luiting et al., 1991c). The differences in 
RFC in these experiments varied from 59 to 159 kJ kg"3/4 d"1. It appears also from 
these figures that variation in maintenance requirement and variation in RFC are of 
a comparable order of magnitude. 
The significant differences in heat production and RFC between two lines after 
three generations of divergent selection for RFC (as a fraction of E(FC); Katie, 1988; 
heat production: 153 kJ kg"3/4 d'1, RFC: 104 Id ME kg"3/4 d"1) and between two lines 
that had been divergently selected for RFC for four generations (Luiting et al., 1991d; 
heat production: 99 kJ kg"3/4 d"1, RFC: 76 kJ ME kg3/4 d"1), lead to the same 
conclusions. 
This variation in maintenance requirement could be the result of differences 
in energetic requirements of physical activity, of sustaining body temperature (thermal 
regulation, insulation), of maintenance of body tissues, and of basal metabolic rate 
(blood circulation, heart beat, respiration); quantification of the effects of these traits 
and their variation between animals is scarce, especially because of difficulties 
(expensive, laborious, time consuming) with individual measurements. We quote from 
Fairfull and Chambers (1984): "There are a number of reasons why these characters 
have not been exploited to date. Many of them are difficult and laborious to measure, 
some even more so than FC itself ...; ... more information is required - technical, 
physiological and genetical - on most of these characters to fully assess their potential". 
Physical activity 
Sixteen to 26% (84 to 163 kJ ME kg'3/4 d"1) of total heat production is related 
to physical activity in our respiration trials (Luiting et al., 1991c). This is roughly within 
the range found in the scarce literature (see Luiting, 1990: 9 to 25% or 40 to 117 kJ 
kg"3/4 d"1). Clear differences between strains and among individuals within strains have 
been found for physical activity levels and their associated heat production levels 
(Braastad and Katie, 1989; Luiting, 1990). 
Physical activity differences have been shown to explain part of heat production 
differences between strains (Luiting, 1990), but have only been quantified by MacLeod 
et al. (1982; 33 kJ kg"3/4 d"1 or 33% of the range). Estimates of variation among 
animals within strains are not available in the literature. 
The earlier mentioned high-low sampling studies (Morrison and Leeson, 1978; 
Katie et al., 1984) have related the heat production differences among RFC-extreme 
animals to activity differences, and observed more activity on the high RFC levels. 
They recorded activity by video; the fraction of heat production related to activity 
could not be quantified from their studies. In our own high-low sampling studies 
(Luiting et al., 1991c), the differences between the RFC levels in activity-related heat 
production (HP) accounted for 29 and 54% of the total HP differences. Activity-
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related HP accounted for 79% of the total HP difference between two lines that had 
been divergently selected for RFC for four generations (Luiting et al., 1991d). 
Braastad and Katie (1989) recorded by video the behaviour patterns of dams 
of the fourth generation of a divergent selection experiment on RFC (as a fraction of 
E(FC)). They found significant within-line correlations of some behavioural traits with 
egg production and body weight. The latter traits did not account for all variation in 
behavioural traits, because large and significant differences in behaviour patterns were 
found between the RFC lines (the high RFC line was more active). They 
approximated the energy expenditure attributable to overall activity by weighing the 
recorded time spent on the observed behaviour patterns by corresponding literature-
derived energy costs values (expressed as fractions of resting heat production). Hens 
in the low RFC line had a total activity cost of 13% above resting level, whereas in 
the high line it was 15% In our (phenotypic and genetic) high-low sampling studies 
(Luiting et al., 1991c and 1991d) the corresponding measured total activity costs were 
on average 20 and 32% above resting level, respectively. Braastad and Katie (1989) 
suggest in their discussion that their approximated figures probably underestimated the 
activity costs and the difference between RFC lines somewhat. Our measured values 
support this statement; in fact, our figures are probably underestimates too, as was 
discussed by Luiting et al. (1991c). 
Sustaining body temperature 
The energy costs of sustaining a constant body temperature are determined by 
the thermoregulatory abilities of a hen: plumage quality, surface areas of comb, 
wattles and shank, tissue insulation, posture, panting, etc. Heat loss by radiation, 
conduction and convection through the feather cover is the main part of total heat loss 
at ambient temperatures between -5 and 25° C (Van Kampen, 1973; 52 to 69%). Clear 
differences between strains and among individuals within strains have been found for 
plumage quality, and feather damage causes higher heat production and FC (see 
Luiting, 1990). Conclusions on the importance of plumage quality are, however, rather 
inconsistent; differences in measuring technique, age of hens, housing system, amount 
of variation, etc. are often responsible for this. Phenotypic correlations between RFC 
and plumage quality are on average lower than the ones between FC and plumage 
quality, probably because of correlations with EM and BW (Hughes, 1980; Tullett et 
al., 1980; Braastad and Katie, 1989). Most of the correlations between RFC and 
plumage quality are between 0 and -0.3 (see Luiting, 1990; with the exception of the 
hens of Damme, 1984, which were older and group-housed: -0.3 to -0.6); Mérat et al. 
(1980) even estimated a positive correlation of 0.3. Plumage quality (measured by a 
scoring method) also differed slightly, although not significantly, between the extreme 
RFC groups in our high-low sampling studies, and probably explained some part of 
the difference in heat production (estimated as 14 to 19%, assuming a heat production 
of 50 kJ kg"3/4 d"1 per score point; Luiting et al., 1991c). Likewise, after three 
generations of divergent selection for RFC (as a fraction of E(FC)) Katie (1988) 
found a small, although not significant, difference in plumage quality (the low RFC 
line had the best quality). In our own divergent selection experiment 8% of the heat 
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production difference was estimated to be related to feather cover differences (Luiting 
et al., 1991d). 
Plumage quality is negatively correlated with some activity traits (Hughes, 1980; 
Braastad and Katie, 1989). Therefore, the effect of activity levels on heat production 
is likely to be confounded with effects of variation in plumage quality. The coincidence 
of thé highest activity related heat production and the worst plumage quality in the 
high RFC group of our first high-low sampling study, compared to the low RFC group 
in that study and to both extreme RFC groups of our second high-low sampling study 
may be a demonstration of this (Luiting et al., 1991c). 
Because heat loss by radiation, conduction and convection through the nude 
body areas is about 18 to 26% of total heat loss at ambient temperatures between -5 
and 25° C (Van Kampen, 1973), correlations between surfaces and temperatures of 
these areas (comb, wattles and shank) with RFC can be expected. Small positive 
correlations are found in the literature, but sometimes zero correlations are also found 
(see Luiting, 1990). The extreme RFC hens in one of our phenotypic high-low 
sampling studies did show similar shank dimensions (Luiting et al., 1991c). After 15 
generations of a divergent selection experiment for RFC, Boichard et al. (1990) found 
significant differences in wattle and shank length between the two lines (32 and 4% 
of the mean, respectively), but this seems only to be caused by responses in the high 
RFC line to longer shanks and wattles and no responses in the low RFC line. The two 
lines that had been divergently selected for RFC for four generations by Luiting et al. 
(1991d) also differed significantly in comb, wattle and shank surfaces (22, 34 and 5% 
of the mean, respectively). 
In the selection experiment of Boichard et al. (1990) also a small significant 
difference in rectal temperature was found (0.11° C). In our high-low sampling study 
(Luiting et al., 1991c) no difference in rectal temperature was found between the 
extreme RFC groups; this was in accordance with the phenotypic correlation estimate 
of Bordas and Mérat (1981) of 0.01. 
The variation in requirements for sustaining body temperature appear to be 
related to RFC variation, but to a small extent only. However, not all energy 
demanding processes involved in sustaining body temperature have been quantified 
in terms of variation and in terms of relation with RFC; therefore, the importance of 
these processes for RFC variation is likely underestimated. 
Maintenance of body tissues 
Genetic variation in body fat content, body protein content, abdominal fat 
fraction, or other body fat components has been reported in many studies (Luiting, 
1990). The body fat content and its variation seem to be often strongly associated with 
BW and BWG and their variation (Luiting, 1990), and is sometimes negatively 
correlated with egg production (Fairfull and Chambers, 1984). Thus, an important part 
of the variation in body composition is accounted for by the model when calculating 
RFC. 
The published correlations of RFC with body fat traits (between -0.40 and 0.45; 
Luiting, 1990) do not show a clear pattern, although negative estimates dominate. This 
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may indicate that it is maintenance rather than accretion of body tissue that causes 
RFC differences. In accordance, the two lines that had been divergently selected for 
RFC for four generations by Luiting et al. (199 ld) showed no significant difference in 
protein content of the body, but differed significantly in energy content and, thus, in 
fat content (the low RFC line contained 3.4% more fat). After three generations of 
divergent selection for RFC (as a fraction of E(FC)) Katie (1988) found a similar 
small, although non significant, difference in body fat percentage (1.9% more fat in 
the low RFC line). 
Separate multiple regression analyses within the group of hens with a positive 
RFC and the group of hens with a negative RFC did not indicate significantly 
different a values for MBW (Luiting and Urff, 1991b) when comparison was made 
at the same age. If the animals in the low RFC group would be fatter than in the 
other group, a lower a value might have been expected as a result of lower energy 
requirements for body protein turnover. The size and structure of the data set proved 
to be sufficient to detect a significant time trend in the a value (Luiting and Urff, 
1991a). This suggests that the difference in body composition between these high and 
low RFC groups was smaller than the variation in body composition over time. 
In conclusion, the importance of variation in energy requirement for 
maintenance of body tissues for RFC variation seems to be small. 
Basal metabolic rate 
There has been a number of studies of fasting heat production that have 
generally shown that differences between strains and among individuals within strains 
are of similar magnitude as the differences in maintenance energy requirement. This 
indicates that differences in heat increment of maintenance accounts for only a small 
proportion of the overall difference in maintenance requirement (Luiting, 1990). 
Because the fasting heat production, as it is measured in practice, is still partly 
determined by physical activity and sustaining of body temperature (Tullet et al., 1980; 
MacLeod et ai, 1982; Lee et ai, 1983; Damme, 1984; El-Sayed, 1988), it is not a good 
approximation for basal metabolic rate. However, after adjustment of fasting heat 
production for physical activity and plumage quality, Damme (1984) and El-Sayed 
(1988) estimated heritabilities for basal metabolic rate between 0 and 38%, and 
phenotypic correlations with RFC between -0.15 and 0.31. 
Adjustment of the heat production difference between the extreme RFC groups 
in our high-low sampling studies for activity, plumage quality and heat increment of 
production left 37 and 51% unexplained (Luiting et al., 1991c). The corresponding 
difference between two lines that had been divergently selected for RFC for four 
generations (Luiting et al, 1991d) was 18% of the total HP difference. Because of the 
abovementioned underestimations of the energetic requirements for physical activity 
and for sustaining of body temperature, these approximated differences in basal 
metabolic rate are probably overestimates. 
Concluding upon the variation among animals in partial regression coefficients 
for MBW, this variation seems to play the major role in RFC variation; this is not 
caused by metabolizability differences, but by differences in maintenance requirement. 
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The estimated differences in maintenance requirement are even somewhat larger than 
the applied differences in RFC between the abovementioned experimental groups; the 
adjustments for heat increment of production may have been biased. Furthermore, the 
most important part of the variation in the maintenance requirement seems to be 
caused by physical activity (29 to 79%); other somewhat less important parts seem to 
be the basal metabolic rate (18 to 51%) and the part of sustaining body temperature 
related to plumage quality (8 to 19%). 
(5) Variation among animals in partial regression coefficients for EM 
In our own study (Luiting and Urff, 1991a), the partial regression coefficients 
of FC on EM were estimated as 0.76 and 0.84 g g"1, averaged over eleven 4 week 
periods, for a commercial and a low energy diet, respectively. Most values found in 
the literature are between 0.5 and 1 (NRC, 1984; Damme, 1984; Hagger and 
Marguerat, 1985; Katie, 1987; Tuiskula-Haavisto, 1987). 
The almost zero within-animal correlations of | RFC | with EM and the non-
significant differences in regression coefficient estimates for EM from separate 
multiple regression analyses within the group of hens with a positive RFC and the 
group of hens with a negative RFC of Luiting and Urff (1991b) indicate that variation 
in the regression coefficient for EM does not play an important role in RFC variation. 
Nevertheless, we will examine its possible sources of variation. 
This regression coefficient is determined by the concentration of metabolizable 
energy (ME g"1 feed) in the diet, by the concentration of net energy in egg protein and 
in egg fat (NEEMp g"1 EM and NEEMf g"1 EM), and by the degree of net energetic 
efficiency for egg protein and fat synthesis (kEMp and kEMf): bEM = ( ( NEEMp g"1 / 
kEMp ) + ( NEEMf g"1 / kEMf ) ) / M E g"1 (Luiting, 1990). In theory, genetic variation 
might exist in all these underlying characteristics. 
The inferior role of variation in metabolizability has been discussed already in 
section "(4) Variation among animals in partial regression coefficients for MBW -
Metabolizability". 
Genetic variations in egg cholesterol content, fatty acid contents, protein 
contents, energy content, yolk percentage, albumen percentage, yolk / albumen ratio 
and percentage solids have been reported in the literature (Marguerat and Hagger, 
1986; Marguerat, 1988; Luiting, 1990; Washburn, 1990). The latter four traits are 
measured more frequently and highly correlated with egg protein and energy content 
( I rP | : 0.47 to 0.91; | rA | : 0.67 to 0.99; Marguerat, 1988). Hurnik et al. (1977) reported 
phenotypic correlations of 0.02 and 0.04 for FC with dry and fresh yolk / albumen 
ratio. In our own population, estimates of phenotypic correlations of FC with yolk 
percentage, albumen percentage and yolk / albumen ratio were -0.14, 0.12 and -0.13, 
respectively; however, phenotypic correlations of FC with dry matter percentage of 
yolk and dry and wet yolk energy content were 0.27, 0.14 and 0.31, respectively (Van 
Diemen, 1988). Pauw (1987) estimated a phenotypic and genetic correlation of FC 
with yolk percentage of 0.05, and with albumen percentage of -0.06 and -0.12, 
respectively. Similarly, Hagger and Marguerat (1985) concluded from model 
calculations that the reduction in FC, and hence, improvement in FC/EM, would "not 
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be very dramatic" if selection would be based on a lower yolk / albumen ratio. This 
suggests that FC is only weakly related with NEEM g"1 EM. Furthermore, the variation 
in these egg composition traits often seems to be strongly associated with variation in 
egg weight (Marguerat and Hagger, 1986; Marguerat, 1988; Washburn, 1990). Because 
of correlations of egg weight with EM and BW (Tawfik et al., 1981; Pauw, 1987), a 
part of the variation in egg composition might be related to EM and BW, and might, 
therefore, be accounted for by the model. The results of additions of egg composition 
traits or egg weight to the regression model point to the absence of a relation as was 
discussed in the "(2) Errors in the statistical model - Egg production" section. 
Correlations of RFC with yolk percentage (-0.29 to 0.27), albumen percentage 
(-0.09 to 0.23) and yolk or egg energy content (0.05 to 0.22) also indicate a non-
systematic relationship (Bentsen, 1983b; Pauw, 1987; Van Diemen, 1988; Luiting, 1990; 
P. Luiting, unpublished results). In accordance with this, no clear differences in egg 
protein and energy content, yolk and albumen percentage, yolk / albumen ratio and 
percentage of solids could be detected in our high-low sampling studies for RFC 
(Luiting et al., 1991c). Likewise, after 15 generations of a divergent selection 
experiment for RFC, Boichard et al. (1990) found no difference in yolk percentage 
between the high and low RFC lines. However, after three generations of divergent 
selection for RFC (as a fraction of E(FC)), Katie (1988) found a significant difference 
in yolk percentage (28.9 and 30.1% in the low and high RFC lines, respectively). A 
much smaller difference into the same direction (0.3%; unpublished results) was found 
between two lines that had been divergently selected for RFC for four generations 
from the population described by Luiting and Urff (1991a). 
In conclusion, variation in NEEM g"1 EM seems not to play an important role 
in variation of the partial regression coefficient for EM. 
From the literature review (Luiting, 1990) it was concluded that variation in 
kprod (the net efficiency for total energy production, i.e. EM and BWG combined) can 
sometimes be quite large. This variation in kprod can almost fully be explained by the 
frequently observed large variation in BWG between strains and among animals within 
strains, also mentioned in this review, assuming non-variable net efficiencies for egg 
protein, egg fat and BWG. Furthermore, it is stated in this literature review that 
variation in kEM represents predominantly variation in NEEM g"1 EM; if the latter 
increases (more fat), kEM increases too. This means that these effects lead to less 
variation in the partial regression coefficient, by counteracting each other. Variation 
in kEM that is not caused by differences in fat and protein content (in the literature 
sometimes found for kEM ; Van Es, 1980) is also expected to be small (M.W.A. 
Verstegen, 1989, pers. comm.); this concerns for example, differences in fat and 
protein composition, transformation losses when body catabolization for egg 
production occurs, or protein turnover rate for egg production enzymes. The fact that 
the heat production of full-fed laying hens, and its variation within strains, is found to 
be of similar magnitude as the maintenance heat production and its variation (Luiting, 
1990) confirm these conclusions. 
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(6) Variation among animals in partial regression coefficients for BWG 
In our own data (Luiting and Urff, 1991a), the partial regression coefficients 
of FC on BWG were estimated as 1.53 and 1.71 g g"1, averaged over eleven 4 week 
periods, for a commercial and a low energy diet, respectively. Most values found in 
the literature are between 0.5 and 3.5 (NRC, 1984; Damme, 1984; Hagger and 
Marguerat, 1985; Katie, 1987; Tuiskula-Haavisto, 1987); the variation in reported 
values is considerable. 
The almost zero within-animal correlations of | RFC | with BWG and the non-
significant differences in regression coefficient estimates for BWG from separate 
multiple regression analyses within the group of hens with a positive RFC and the 
group of hens with a negative RFC of Luiting and Urff (1991b) indicate that variation 
in the regression coefficient for BWG does not play an important role in RFC 
variation. Nevertheless, we will briefly examine its possible sources of variation as was 
done for the regression coefficient for EM. The inferior role of variation in 
metabolizability has been discussed before. 
As was concluded in the "(4) Variation among animals in the partial regression 
coefficient for MBW - Maintenance of body tissues" section, an important part of the 
variation in body composition is accounted for by the model when calculating RFC. 
Furthermore, BWG itself is only responsible for a very small part of the FC, and the 
variation in BWG only explains about 8% of the variation in FC: variation in energy 
content of BWG cannot play an important role in the variation in FC. 
As was discussed in the "(2) Errors in the statistical model - Body growth" 
section, the calculated similar regression coefficients for negative and positive BWG 
in the regression model also point to the absence of a relation. 
In conclusion, variation in NEBWG g"1 does not seem to play an important role 
in the variation of the partial regression coefficient for BWG. The conclusions drawn 
in the preceding section for kEM hold also for kBWG. 
Genetic aspects of variation in RFC 
Heritability 
RFC was found to be highly heritable for hens during a 44 week laying period 
(20 to 64 weeks of age) in 11 time segments of 4 weeks each, fed either a commercial 
or a low energy diet (Luiting and Urff, 1991c). As can be seen in Figure 1 in Luiting 
and Urff (1991c), the h2 estimates were larger than 0.5 up to about about 30 weeks 
of age; afterwards, the h2 estimates stabilize around 0.3 to 0.4. Accumulation of 
periods gave more stable and higher h2 estimates than per period by reduction of a2E; 
the h2 of RFC accumulated over the whole laying period was estimated as 0.42 to 0.62 
(Luiting and Urff, 1991c). Furthermore, cumulative h2 estimates remain high if data 
up to 30 weeks of age are included; accumulation after that age gave h2 estimates of 
about 0.4 (Luiting and Urff, 1991c; Table 1). Similar estimates and age trends in h2 
were found in WL populations by Bentsen (1983b) and by Katie (1987). 
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FIGURE 3. Heritablity of residual feed consumption of light and medium-heavy hens from various 
literature sources (reference numbers 2, 3, 7, 9, 10, 11, 12, 13, IS, 16, 17, 19, 20, 22, 24, 25, 26, 27, 32, 
33, as indicated in the reference list) in dependence of age; symbols indicate the average age at 
measurement, the bars indicate the total length of the measurement period (S: sire and daughter-dam 
estimates, D: dam estimates, SD: sire + dam estimates, SG: sire estimates on family group averages) 
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These heritabilities have been combined with the ones reviewed by Luiting 
(1990) and from Pauw and Petersen (1984), Hagger and Marguerat (1985), Lopes et 
al. (1986), Katie (1987 and 1988), Liuttula (1989) and Müller (1989) in Figure 3. It 
appears that estimates obtained over longer time periods (indicated in the Figure by 
longer horizontal bars) range from 0.4 to 0.6, whereas estimates over shorter time 
periods have a wider range,. Obviously, reliable h2 estimation for RFC requires data 
to be collected over a not too short time period. The abovementioned time trend does 
not appear from this Figure, although the very high estimates (above 0.7) are 
concentrated in the beginning of the laying period. Furthermore, no systematic 
differences between h2 estimates in light and medium-heavy strains appeared. 
Comparison of the h2 estimates derived from the sire variance component to those 
derived from the dam and the dam plus sire variance components (although many of 
these come from different sources) does not indicate an important role for dominance 
variance for RFC. The h2 estimates from data over the second laying cycle, although 
from only one reference and obtained in group-housing (Schild, 1983), indicate 
somewhat lower values than over the first laying cycle. The sire h2 estimates obtained 
from data of group-housed sib groups are not clearly different from those of 
individually housed hens. 
Most of the estimates presented in Figure 3 have been obtained from rather 
small data sets, which might be an explanation for their wide variation; only the sire 
variance h2 estimates obtained by Pauw (1987: 0.40) and the one estimated from five 
generations in our own divergent selection experiment (Luiting et al., 1991b: 0.37; 
including the data of the generation analyzed in this thesis), have been obtained from 
more than 1450 hens. 
rA estimates of RFC measured up to 32 weeks of age with later measurements, 
and also with total accumulated RFC, are relatively low; after that age rA estimates 
are larger than 0.91. Together with the time trend in h2, this indicates that the genetic 
sources of variation in RFC during the first part of lay differ from those causing 
variation later on, and are of less importance during the rest of the laying period. 
The results of Akbar et al. (1985) suggest that activity of young chicks (1 to 4 
weeks of age) is positively correlated with FC/EM in adults. However, Fairfull and 
Chambers (1984) stated "In egg-type poultry, there is probably little to be gained by 
FC measurement ... before the onset of lay"; this statement is confirmed by two 
selection experiments. Tixier et al. (1988) showed that nine generations of selection 
on RFC of the adult bird had no correlated response on feed efficiency during growth 
(35 to 61 days of age), although the efficient line (low RFC) had a higher FC during 
the same period. Similarly, Katie and Kolstad (1990) found no correlated response for 
feed efficiency during the first 5 weeks of age after three generations of selection on 
adult RFC (as a fraction of E(FC)). They estimated, however, a significant phenotypic 
correlation between the chicks' FC and the adults' RFC of 0.25 across lines, but the 
estimates were not significant within lines. 
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Heterosis 
A small amount of heterosis (-1 to -14%) in FC/EM has been reported by 
Hagger (1980), Willeke (1982), Fairfull and Gowe (1982), Damme (1984), Verma et 
al. (1984; cit. Hartmann and Mérat, 1988) and Wang et al. (1991). They comment that 
the major part of this heterosis is caused by EM and BW. 
Hartmann and Mérat (1988) stated that less than 2% heterosis was found for 
RFC in a comparison including a Fayoumi and an RIR line and their reciprocal 
crosses. Hagger (1980), Willeke (1982), Damme (1984) and Wang et al. (1991) 
performed diallel crosses; from their data we have calculated the E(FC) values for 
pure lines and crosses by means of NRC (1984) standards; see formula (1) in the 
"General introduction" and subtracted these from the observed FC values to 
approximate RFC of these lines and crosses. Heterosis of RFC ranged from -2.5 to 2.0 
g d"\ which is -2 to 2% of FC. Damme (1984), El-Sayed (1988) and Wang (1990) 
report on multiple regression analyses of FC on EM, BW and BWG within successive 
generations within two medium-heavy strains (LSS and RIR) and their reciprocal 
crosses; the partial regression coefficients (with large standard errors) for BW and EM 
show -59 to 96% and -32 to 129% heterosis, respectively. Moreover, Damme et al. 
(1986) concluded that heterosis in fasting heat production in the same lines and 
crosses was very small (-0.3 to 1.7%). Variation in fasting heat production, which 
comprises physical activity, metabolic rate and maintenance of body temperature, is 
the main component of variation in RFC. Because all these figures apply to the same 
strains, heterosis seems not systematically present. 
Another indication was the abovementioned observation from heritabilities 
estimated from sire versus dam variance components that dominance variance does not 
play an important role. 
Genetic correlations with economic traits 
Genetic correlations are interesting from a breeding point of view, but they 
require data from large numbers of related animals recorded in various stages of the 
laying period. This is the reason why they are scarce or have large sampling errors in 
the literature. 
Feed consumption 
The genetic correlations between RFC and FC from Luiting and Urff (1991c) 
are positive and have similar magnitude as the phenotypic ones (7(1 - R2); see Figure 
2). The published estimates that have been summarized in Figure 4 and the significant 
results of three selection experiments on RFC (Liuttula, 1989: 4 generations for a low 
RFC, as a fraction of E(FC); Katie and Kolstad, 1990: 3 generations of divergent 
selection on the same trait; Boichard et al., 1990: 15 generations of divergent selection 
for RFC) lead to the same conclusion. 
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Egg production and body weight traits 
Phenotypic correlations of RFC with MBW, EM and BWG, measured in the 
same time period and used in the multiple regression for calculation of RFC, are zero 
by definition. Most published estimates are close around zero, even if FC was not 
measured in exactly the same period as MBW, EM and BWG (Figures 5 and 6, and 
Luiting and Urff, 1991c). 
The published estimates of genetic correlations of RFC with MBW, EM and 
BWG are also moderate to low in magnitude (Figures 5 and 6). Estimates that deviate 
most from zero have usually been obtained from short FC recording periods; 
therefore, they are less accurate, but also the egg production and body weight 
recording periods do often not coincide. 
Just as the phenotypic correlations of RFC with EM, our own genetic estimates 
do not clearly differ from zero, although the trend seems to be weakly negative 
(Luiting and Urff, 1991c). The published estimates that have been summarized in 
Figure 5 lead to the same conclusion. Information on correlated responses from the 
abovementioned selection experiments on RFC (Liuttula, 1989; Katie and Kolstad, 
1990; Boichard et al., 1990) provides a zero, a negative and a positive correlation 
between their selection criterion and EM, respectively. 
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Published phenotypic correlations (including unpublished estimates from the 
data set of Luiting and Urff, 1991a) of RFC with egg weight, numerical egg production 
and age at first egg (as calculated over periods with many different lengths) range 
from -0.2 to 0.2 and average to zero (see Figure 5); the genetic correlation estimates 
in this Figure suggest a zero correlation with numerical egg production, a weakly 
negative one with egg weight and a weakly positive one with age at first egg. From the 
abovementioned selection experiments, both Katie (1988) and Boichard et al. (1990) 
report weakly positive correlations of RFC with egg weight and in the latter case zero 
correlations with numerical egg production and (like Tuiskula-Haavisto, 1987, in the 
Finnish selection experiment also reported on by Liuttula, 1989) age at first egg. 
Just as the phenotypic correlations of RFC with BW and BWG, our own 
genetic estimates do not clearly differ from zero, although the trend seems to be 
weakly positive (Luiting and Urff, 1991c). The published estimates that have been 
summarized in Figure 6 lead to the same conclusion. In the three selection 
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experiments (Liuttula, 1989; Katie and Kolstad, 1990; Boichard et al., 1990) a zero, a 
negative and a zero correlation of their selection criterion with BW and BWG were 
reported, respectively. 
The overall correlations concerning egg production and body weight traits 
remain close to zero. 
FC/EM 
A significant positive correlation between RFC and FC, combined with zero 
correlations with MBW, EM and BWG should lead to a positive correlation with 
FC/EM. Indeed, published phenotypic correlations (including unpublished estimates 
from the data set of Luiting and Urff, 1991a) of RFC with FC/EM (Figure 7; data on 
FE and income over feed costs have been included with a minus sign) are clearly 
positive; the genetic correlations in this Figure are even higher. The results of the 
selection experiments reported by Katie and Kolstad (1990) and Boichard et al. (1990) 
show the same. 
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Breeding possibilities to utilize the variation in RFC 
Fairfull and Chambers (1984) stated "... direct selection for feed efficiency 
seems to be an idea whose time has arrived. There is little question that selection 
including feed efficiency would be more effective than selection without it. There are, 
however, a number of questions still to be resolved: the degree of effectiveness of 
direct selection for feed efficiency as compared to other methods of improving feed 
efficiency genetically; the relative economic viability of various methods for the genetic 
improvement of feed efficiency; exactly what selection criterion (criteria) should be 
used in direct selection for feed efficiency". Therefore, after considering the role of 
feed efficiency in the breeding goal, the questions to be solved will be: what extra 
genetic improvement in feed efficiency may be expected from direct versus indirect 
selection, which criterion should be used for direct selection, and what are the costs 
of direct selection? 
Breeding goal 
A commonly used profit function, describing income over feed costs (IOFC) 
over a full laying period of a hen is: 
IOFC = a a , E M t a r a w FBW - aFC FC 
where EM is egg mass in g d"1, a ^ is egg mass price in Dfl per g d'1; FBW is final body weight in kg, 
aFBw is carcass price in Dfl per kg; FC is feed consumption in g d', aFC is feed price in Dfl per g d"1. 
Next to the income from egg production, there is an income from the sales of 
spent hens. This income is related to final body weight (FBW); however, carcass prices 
are very variable between markets, and may be virtually zero. 
"Economic values are applied in defining concrete breeding goals (selection 
index theory). As (genetic and phenotypic) correlations between traits are considered 
in maximizing the correlation between aggregate genotype and information index 
(Hazel, 1943), the economic value of a trait has to be derived by changing genetic 
merit of the trait allowing no simultaneous change in genetic merit of other traits" 
(Groen, 1989). 
Differentiating IOFC with respect to EM, FBW and FC leads to the economic 
values v{..} of these traits: 
v,{EM} = S IOFC / S EM = aEM 
v,{FBW} = S IOFC / S FBW =
 aFBW 
v^FC} = S IOFC / S FC = - ape 
This results in the following breeding goal (H), commonly used in practice: 
H = v,{EM} EM + v,{FBW} FBW + v,{FC} FC = aEM EM + aFBW FBW - aFC FC (1) 
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From the point of view of biological production efficiency, breeding should be 
directed towards a hen with a high production level (EM and, when appropriate, 
FBW), a low maintenance requirement and high net efficiencies. The latter processes 
have been shown in this thesis to constitute RFC; this would lead to a biologically 
defined breeding goal, as a function of EM, FBW and RFC. 
As stated before, the weighting value v{..} must represent the economic value 
of each trait, derived by changing genetic merit of the trait allowing no simultaneous 
change in genetic merit of the other traits. In contrast to breeding goal (1), where 
Vj{EM} is the value of an extra unit of EM at a non-changing level of FBW and FC, 
v{EM} now represents the value of an extra unit of EM at a non-changing level of 
FBW and RFC. This means that the extra feed costs involved with this extra unit of 
EM must be included into v2{EM}; the same holds for v2{FBW): 
v2{EM} = aEM - b, aFC 
v2{FBW} = apBw - b2 aFC 
v2{RFC} = - aFC 
where b[ and b2 are partial regression coefficients in g feed g'1 EM or g feed kg'1 d'1, respectively. 
This results in the following breeding goal (H): 
H = v2{EM} EM + v2{FBW} FBW + v2{RFC} RFC = 
(a™ - bi aFC) EM + (aFBW - b2 aFC) FBW - aFC RFC (2) 
If RFC were calculated as the residual term of a multiple regression of FC on 
EM and FBW, relations (1) and (2) can be shown to be fully equivalent: 
a™ EM + araw FBW - aFC FC = a ^ EM + aPBW FBW - aFC (b, EM + b2 FBW + RFC) = 
(%H - b t a r c) EM + (apBw - b2 aFC) FBW - aFC RFC 
But RFC should be calculated as the residual term of a multiple regression of 
FC on EM, MBW and BWG; when doing so, a somewhat (but significantly) larger 
fraction of the variation in FC is explained (Luiting and Urff, 1991a), which means 
that less variation is contained in the resulting RFC term than in the RFC term from 
the just mentioned regression on EM and FBW. As a result, formula (2) would not 
account for all variation in FC, although not dramatically so, unless it were 
supplemented with BWG and MBW. In the latter case, (2) would be equivalent to (1) 
again; therefore, formula (1) is to be preferred in any case. 
It may be argued that for breeding goal formulation purposes it would be better 
to make use in formula (2) of b values estimated by using genetic rather than 
phenotypic parameters; this would require multiple regression of breeding value 
estimates of FC on breeding value estimates of MBW, EM and BWG, rather than 
regression using phenotypic records. It can be shown (see Appendix 2) that this 
approach leads to the same selection index variances as the "phenotypic" approach of 
formula (2). Breeding goal (1) remains to be preferred. 
For aEM, aFBW and aFC, figures were derived from the results of the 1989 annual 
economic survey of laying hen farms performed by the Dutch Agricultural Economic 
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Institute (P. van Hörne, 1990, pers. comm.; egg mass price = Dfl 1.86 per kg, feed 
price = Dfl 0.54 per kg, carcass price = Dfl 1.79 per hen, laying periods of 404 days, 
average FBW of 1.650 kg): a ^ = Dfl 0.751 per g d1, a r e w = Dfl 1.085 per kg, aFC 
= Dfl 0.218 per g d"1. 
In most situations, body weight is measured more often than only at the end 
of the laying period (FBW); therefore, use can be made of mean body weight (BW) 
in most selection programmes and we will use it in the following section on selection 
indices for that reason. For convenience, we use BW rather than FBW in the 
aggregate genotype too; this requires apßW to be adjusted by multiplication with the 
regression coefficient of FBW on BW, which gives aBW. This adjusting factor was 
estimated within our commercial diet group to be 1.1700 kg kg"1, respectively. 
This leads to the following breeding goal (H): 
H = 0.751 EM + 1.270 BW - 0.218 FC 
Selection index 
In the literature, theoretical comparisons between different selection indices 
with or without FC data have been made with IOFC as the aggregate genotype (1) to 
be maximized. The relative correlations between indices and aggregate genotypes from 
these studies have been summarized in Table 1. Alternatives from these sources that 
did not include FC in the aggregate genotype have been omitted; this also holds for 
the approach of Arboleda et al. (1976a), who used (aEM - aFC bFCEM) EM + ( a p ^ -
aFC bFCBW) BW, but did not include the remaining part of FC. 
For each alternative, the results from these studies show considerable variation, 
due to differences in phenotypic and genetic parameters and relative economic values. 
When comparing the correlations of indices of EM + FC or EM + BW to those of 
EM alone, 14.5% (ranging from 1 to 55%) and 6.8% (0 to 39%) extra genetic progress 
in IOFC may be expected. In most cases, the addition of FC to EM yields more than 
addition of BW to EM. Indices of FC/EM make use of the same information as 
indices of EM + FC, but yield on average 7.3% less than the indices of EM alone; 
obviously, the linear combination of EM and FC is much more effective as a selection 
criterion than their ratio (which could have been presumed from the ratio-selection 
index studies of Gunsett, 1984, and Lin, 1980). When comparing the correlations of 
indices of EM + BW + FC or EM + BW + RFC to those of EM + BW, 7.1% 
(ranging from 0 to 44%) extra genetic progress in IOFC may be expected. Indices of 
EM + BW + FC with a restriction on FC yield on average 4.2% less than the indices 
of EM + BW; as could be expected, the restricted indices are less effective. 
In order to obtain more insight into the effectiveness of various selection 
criteria for improvement of the aggregate genotype (1) as defined using the economic 
values derived above, we have performed some classical selection index theory 
calculations. In analogy with the literature sources quoted in Table 1, indices I1; I2,14 
and I5 will be evaluated using phenotypic and genetic parameters estimated in our own 
population (for the commercial diet hens; Luiting and Urff, 1991c, and unpublished 
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results). These parameters are in Table 2; it follows from these figures that the 
multiple regression coefficients for EM, MBW and BWG are 0.77 g g"1, 38.7 g kg"3/4 
d'1 and 1.62 g g"1, respectively, R2 = 0.76, and h2 of RFC is 0.41. 
TABLE 1. Correlations between selection indices (I, to L,: columns) and aggregate genotypes (H = aEM 
EM + araw BW - aFC FC) from the literature: the correlations are expressed as a percentage of the 
correlations for index I, (EM, in boldface) in the upper row, and as a percentage of the correlations for 
index I4 (EM + BW, in boldface) in the lower row of each entry 
Arboleda et al. (1976b) 
Hagger and Abplanalp (1978) 
(three different populations) 
Wing and Nordskog (1982b) 
(two different populations; 
one index pooled) 
Singh et al. (1984) 
Pirchner (1985) 
(mass selection and progeny testing) 
Pauw (1987) 
Müller (1989) 
(three different sets of relative 
economic values) 
V 
100 
100 
100 
72 
100 
100 
100 
98 
100 
85 
100 
96 
100 
100 
100 
93 
100 
100 
100 
99 
100 
92 
h 
101 
101 
120 
86 
102 
102 
102 
102 
107 
106 
155 
143 
h 
103 
88 
79 
76 
96 
96 
I. 
100 
100 
100 
139 
100 
100 
100 
102 
100 
102 
100 
117 
100 
104 
100 
100 
100 
108 
100 
100 
100 
101 
100 
109 
100 
I5 
106 
102 
102 
139 
100 
104 
104 
106 
104 
106 
104 
120 
103 
105 
100 
103 
103 
123 
114 
102 
102 
107 
106 
157 
144 
h 
98 
98 
135 
97 
102 
102 
82 
80 
104 
102 
* Column figures denote selection indices of different compositions; L,: EM, I2: EM + FC, I3: FC/EM, 
I4: EM + BW, I5: EM + BW + FC or EM + BW + RFC, I6: EM + BW + FC with AFC = 0 
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TABLE 2: Phenotypic and genetic parameters of index and aggregate genotype traits used for selection 
index calculations: h2 on, rA below, rr above the diagonal; from Luiting and Urff (1991c), and 
unpublished results 
EM (g d1' 
BW (kg) 
FC(gd') 
MBW (kg3'4) 
BWG (g d') 
EM 
0.16 
0.87 
0.73 
0.87 
-0.05 
BW 
0.27 
0.71 
0.91 
1 
0.41 
FC 
0.66 
0.72 
0.51 
0.91 
0.53 
MBW 
0.28 
1 
0.73 
0.71 
0.41 
BWG 
0.06 
0.56 
0.42 
0.56 
0.33 
ae 
6.33 
0.20 
9.62 
0.13 
0.55 
Indices comprising EM + BW + FC and indices comprising EM + FC + RFC 
have been combined into I5 in Table 1. It is shown in Appendix 2 that these indices 
lead to the same selection index variance if RFC were calculated based on the 
regression of FC on EM and BW; just as has been discussed in the "Breeding goal" 
section, the index EM + BW + RFC will perform slightly worse than EM + BW + 
FC if RFC is based on the regression of FC on EM, MBW and BWG. Thus, we will 
evaluate only EM + BW + FC. I3 and I6 will not be considered anymore. 
For the sake of simplicity (no calculations and no need for phenotypic and 
genetic population parameters) and assuming little loss of effectiveness, Flock (1984 
and 1987, pers. comm.) and Akbar et al. (1986) suggested to improve IOFC by using 
a base index (Heidhues and Henderson, 1962), in which the traits EM, BW and FC 
get weighting factors equal to aEM, aBW and aFC: I7. This leads to the following five 
alternative selection indices: 
I, = EM 
I2 = EM + FC 
14 = EM + BW 
15 = EM + BW + FC 
I7 = base index of EM + BW + FC 
with EM in g d'\ BW in kg and FC in g d'. 
In order to obtain information on the expected correlated responses in BWG 
and RFC (in g d"1), these traits have been included into the aggregate genotype with 
economic values of zero. Selection was supposed to be on own performance, in 
females only. 
The expected genetic superiorities for the aggregate genotype traits of the 
selected animals (assuming selection intensity i = 1) and the correlations rIH between 
aggregate genotype and selection indices are in Table 3. The standard deviation of the 
aggregate genotype is Dfl 1.367. 
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TABLE 3. Expected genetic superiorities for the aggregate genotype traits of the selected animals (i = 
1), and absolute and relative (in % of I, or I4) r,H for the alternative selection indices* on the commercial 
diet 
EM (g d ' ) 
BW (kg) 
BWG (g d1) 
RFC (g d ') 
FC (g d1) 
r I H 
r1H as % of I, 
r1H as % of I4 
Iia 
1.013 
0.058 
0.020 
-0.268 
2.006 
0.291 
100 
78 
h 
0.352 
-0.004 
-0.100 
-1.015 
-1.016 
0.351 
121 
95 
h 
1.772 
-0.123 
0.127 
-0.153 
4.495 
0.371 
127 
100 
I5 
1.343 
-0.067 
-0.035 
-1.681 
0.981 
0.644 
221 
174 
I7 
0.675 
-0.023 
-0.058 
-0.839 
0.154 
0.367 
126 
99 
* lp EM, I2: EM + FC, I„: EM + BW, I5: EM + BW + FC, I7: base index of EM + BW + FC 
When comparing rIH of I2 or I4 to those of I1( 21 and 27% extra genetic 
progress in H may be expected. This is somewhat more than the corresponding 
average values from Table 1, but within the range in that Table. When comparing the 
correlations of I5 to those of I4, 74% extra genetic progress in H may be expected, 
which is much more than what was shown in Table 1. As expected (Akbar et al., 1986), 
index I7 leads to much less genetic progress in H compared to I5, which comprises the 
same traits. In summary, selection indices that add information to EM (Ij) generally 
result in larger genetic progress in H than shown in Table 1; reasons for this are 
different values for phenotypic and genetic parameters and for economic values. 
In conclusion, the addition of RFC or FC to the index seems to be very 
promising, although the extent to which extra genetic progress may be expected varies 
greatly among sources. 
When evaluating the predicted correlated responses, the following remarks may 
be relevant. It is predicted that selection on ll leads to a considerable improvement 
of EM, and also to a correlated increase in BW and BWG and a small correlated 
decrease in RFC; as a result, FC increases to sustain the increase in EM, BW and 
BWG, while the FC reduction through RFC is very small. The addition of BW to the 
index (I4) increases the predicted response of EM and, especially, of BW and BWG. 
The decrease in RFC becomes even smaller. As a result, FC increases considerably. 
The addition of FC to the indices (I, and I5, to be compared to Ij and I4) leads 
to very different predicted responses; the increase in EM is greatly reduced, especially 
when BW is not in the index. The same holds even stronger for the change in BW and 
BWG, which become negative when BW is not in the index. RFC is reduced greatly 
by both indices, especially so by I5. 
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In I2, FC reflects the feed requirements for BW and RFC, while in I5 it 
represents RFC only; as a result, the response of FC is related to a reduction in both 
RFC and BW in I2 and to a reduction in RFC alone in I5. In I5, the combination of 
a considerable increase in both EM and BW, and a large reduction in RFC, leads to 
an increase in FC. 
When comparing the predicted responses of I7 to those of I5, it appears that the 
responses of EM and RFC are reduced to the same large extent; the responses of BW 
and BWG are reduced even more. It seems that overemphasizing EM at the expense 
of BW is likely to be made in this kind of selection criteria, which were proposed for 
use in a practical breeding situation (Flock, 1984). McAllister et al. (1990) compared 
multi-trait selection by means of selection index theory to the use of independent 
culling levels for the same traits (which is common practice in practical poultry 
breeding), and concluded that BW and RFC got less weight in the latter case, whereas 
egg production characteristics got more weight. The linear aggregate genotype may 
simply be not a satisfactory model for the complex multi-trait breeding goal that has 
to be optimized in practice; the use of independent culling levels may reflect more 
successfully the all-or-none structure of breeding goals in a competitive market 
situation. 
It is not possible to reliably predict the selection response of FC/EM by 
including this trait in the aggregate genotype with an economic value of zero, because 
the relations of this trait to the other traits are non-linear by definition: the change 
in FC/EM will be dependent on the level of the underlying traits. Therefore, we 
applied Bentsen's (1987) procedure to estimate the response of FC/EM from the 
predicted responses of EM, BW, RFC and FC, weighted in the numerator term with 
the multiple regression coefficients from our commercial diet data set. Figure 8 shows 
this estimated correlated response of FC/EM at varying initial levels of EM (with 
initial levels of BW, BWG and RFC of 1.75 kg, 0 g d"1 and 0 g d_1, respectively; left 
side of Figure 8) and varying levels of BW (with initial levels of EM, BWG and RFC 
of 45 g d"1, 0 g d"1 and 0 g d"1, respectively; right side of Figure 8). It appears from 
these figures that the reduction of FC/EM is larger when FC is included in the index 
(I2,15 and I7); Ij and I4 sometimes lead to an increase in FC/EM. Base index I7 gives 
a considerable improvement of FC/EM, but performs systematically worse than I2 and 
I5, in spite of the fact that it uses the same information as I5. The reduction of FC/EM 
by I2 as compared to I5 is dependent on the initial levels of BW or EM: when hens 
weigh little and produce much egg mass, I2 gives the largest reduction of FC/EM, 
while when starting with heavier hens with less egg mass production, I5 performs 
better. It must be noted that FC/EM does not properly reflect IOFC: this becomes 
clear when comparing the order of rIH values (Table 3) with the ranking of the indices 
in Figure 8. 
The selection experiments of Usui et al. (1979) and Marguerat and Hagger 
(1986) on IOFC show that it is possible to improve IOFC genetically, but offer no 
information on a genetic change in RFC, nor do they allow for a comparison with 
indices not including FC information. Nordskog et al. (1984) selected four lines on a 
selection index of EM + BW, and another four lines on a selection index of EM + 
BW + FC, for five generations; they concluded that "... rate of improvement in EM 
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was similar for both indices. However, the increase in both BW and FC was highest 
in the [EM + BW] lines. The net result was that the [EM + BW + FC] lines were 
most efficient, having the highest genetic improvement on IOFC" (Hou, 1986). 
Although the genetic changes in the individual traits differ from those in Table 3 
(probably by different relative weighings), the overall result in IOFC confirms the 
above theoretically derived conclusion that FC information gives more genetic 
progress in IOFC, but the role of RFC cannot be quantified. 
correlated responses in FC/EM correlated responses in FC/EM 
for different initial EM levels for different initial BW levels 
-0.03 • 
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FIGURE 8. Estimated correlated responses in feed conversion ratio (FC/EM) after one generation of 
selection on indices I," to I7 at different initial EM levels (initial BW = 1.75 kg, RFC = 0 g d ', BWG 
= 0 g d1) or initial BW levels (initial EM = 45 g d', RFC = 0 g d', BWG = 0 g d1); " I,: EM, I2: EM 
+ FC, I4: EM + BW, I5: EM + BW + FC, I7: base index of EM + BW + FC 
It appears from the above calculations that the recording of individual FC 
yields information that, if used in a proper way, may increase the accuracy of selection 
with about 0 to 74% (12% on average): compare I5 with I4 in Tables 1 and 3. This 
increased accuracy of selection means increased improvement of the breeding goal 
traits in the nucleus and, through genetic dissemination, in the commercial stock that 
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descends from it. A cost-benefit analysis of the inclusion of FC in the selection 
criterion would involve quantification of the financial value of this improvement on 
the commercial level, and its beneficial effect on sales of stock by the breeding 
organization. The macro-economic financial value of the expected genetic 
improvement in the commercial tiers can be quantified as 
N [(i„ rIH„ CTH) + (i, rIH9 aH)] / (L„ + L„) 
which would require knowledge of the realized selection intensities (i) on the 
composite selection criterion (the index) in great-grandparent animals, of the numbers 
of relatives contributing information to the selection index (rIH) and of the structure 
of the gene flow from nucleus to commercial tiers. The latter is represented by the 
generation interval (L) and the number of discounted expressions (N) of the improved 
genotype in commercial-level progeny. These parameters will be different for males 
and females. All these aspects are organization-specific. 
Of course, the costs of breeding come directly on the account of the nucleus 
whereas the benefits from increased ru, are created on the commercial level; this 
means that, in order to be able to make selection profitable, the breeding organization 
has to be able to transfer (part of) the benefits to the nucleus level by means of 
increased prices for commercial stock and/or by increasing its market share. 
Relationships between marketing possibilities and quality levels are complex and, 
again, very organization-specific (see De Vries, 1989). 
For these reasons, we will not attempt here to quantify the possible revenues 
of inclusion of FC data in the breeding programme for a poultry breeding 
organization. In order to support cost-benefit analyses on the breeding organization 
level, the following section may serve to give an impression of the costs involved with 
individual FC measurements. 
Measuring costs 
The costs involved with weekly recording of individual FC mainly comprise the 
costs of individual feed troughs, and labour costs involved with feed distribution; the 
latter can be kept at a low level by automation. The troughs we use in our own 
population (see Appendix 1) costed Dfl 34 each; with depreciation over ten years and 
an annual interest rate of 8%, this leads to an annual investment of Dfl 4.90 per cage. 
The feed weighing device (Mettler-PE16) has a direct interface to a portable 
microcomputer (Epson-PX4), which records cage number and amount of feed and 
checks for errors that can be detected during feeding. The central database (on Digital 
VAX) is updated by file transfer after feeding the whole flock. Feed distribution 
labour requirements for this population of 704 hens are about 22 hours per 4 week 
period; at a salary rate of Dfl 30 per hour, annual labour costs are Dfl 12.20 per cage. 
We have the impression that these costs can be reduced by proper management 
measures; Arboleda et al. (1976b) gave annual labour costs of individual FC recording 
in laying hens of US $ 7800 for 2000 cages (Dfl 16.04 per cage at a 1976 exchange rate 
of 2.64 Dfl $_1 and an annual Dutch inflation rate of 3%). The much larger number 
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of cages to be recorded will reduce the time spent per cage, and the 1976 USA salary 
rate must have been lower than the 1990 one in the Netherlands. Hence, total annual 
costs of measurement of individual FC may amount to about Dfl 17 per cage. 
It would be interesting to develop methods to reduce the FC recording costs. 
Fairfull and Chambers (1984) mention the following alternatives: shortening the FC 
measurement period, reducing the number of animals with FC measurement, and the 
use of sibling cage group averages. Another alternative may be to use information on 
correlated characteristics that are cheaper to measure. 
Shortening the FC measurement period 
Fairfull and Chambers (1984) stated: "Especially in egg-type poultry, part-
record selection has been practiced to shorten the generation interval, balancing 
accuracy of information against time. With FC, the additional consideration of cost 
must be balanced against accuracy of information although the optimum is not known 
at present. In egg-type poultry, there is probably little to be gained by FC 
measurement before peak egg production and even less before the onset of lay". 
RFC measurements for selection can be limited to one to three 4 week periods 
between 32 and 56 weeks (Luiting and Urff, 1991c); because of the high heritabilities 
and genetic correlations with overall RFC, recording during a short time traject will 
still give a high expected selection response. One period of 4 weeks after 32 weeks of 
age (heritability: 0.30 and genetic correlation with overall RFC: 0.95) causes rIH of I5 
to become 0.612, three successive periods from 32 to 44 weeks of age (heritability: 
0.40 and genetic correlation with overall RFC: 0.95) lead to rIH = 0.631; measuring 
during one or three 4 week periods gives annual measuring costs of Dfl 6 and 8 
instead of Dfl 17 per cage, respectively. Shortening of the measurement period to one 
to three 4 week periods will more than double (2.7 and 2.1, respectively) the ratio 
between r,H and annual measuring costs. 
Reducing the number of animals with FC measurement 
The number of hens to be measured for FC could be reduced by multi-stage 
selection, with the first selection on I4 (EM + BW), and in the surviving fraction (p) 
of hens with the second selection on I5 (EM + BW + RFC). Wing et al. (1983) 
studied this selection scheme, but applied different aggregate genotypes for the two 
selection stages, which makes their results difficult to interpret. We found that the 
overall rIH of such a two-stage selection criterion was similar to the value for one-stage 
selection on I5 (Table 3) when p was between 0.6 and 0.8. Reducing the number of 
measured hens to 70% will increase the ratio between rIH and annual measuring costs 
with about 40% 
Because a pure commercial line exists of less cocks than hens, measuring RFC 
in cocks instead of in hens will reduce measurement costs. Loss in reliability of 
improvement in RFC in hens by use of data from sibling cocks must be placed against 
savings of costs: the genetic correlation between RFC in cocks and RFC in hens is a 
critical factor. 
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The R2 of multiple regression of FC on MBW and BWG in cocks seems to be 
rather low: 22 to 77% (Bordas and Mérat, 1981; Katie and Kolstad, 1990; Luiting et 
al., 1991a); hence, phenotypic variation of RFC in cocks seems to be larger than in 
hens (11.9 versus 7.9 g d'\ Bordas and Mérat, 1984; 7.4 versus 6.0 g d"1 on average, 
Luiting and Urff, 1991b, Luiting et al., 1991a), which increases the possibilities for 
selection. 
Genetic correlations between RFC in hens and cocks are scarce in the 
literature. In the low and high RFC selection lines of Bordas and Mérat (1984; 
selection is on own RFC performance, both in hens and cocks), the mean values over 
eight generations of the correlations between dams and sons were -0.03 and 0.10, 
respectively; between brothers and sisters they were 0.04 and -0.17. After 15 
generations in the same experiment, Boichard et al. (1990) concluded that correlations 
between brother and sister were regularly found to be close to zero within each 
generation, which suggests that RFC is a different trait in males and females. Selection 
for RFC in adult males might involve different metabolic components or in different 
proportions as compared to the selection in laying hens. Their lines diverged sooner 
and to a larger extent in cocks than in hens (higher selection intensity and more 
phenotypic variance). Realized heritabilities for RFC in cocks were estimated 
assuming a unity or a zero genetic correlation between hens and cocks as 0.12 and 
0.21 (versus 0.28 for RFC in hens), respectively. However, the divergence between the 
high and low RFC lines of Katie and Kolstad (1990), selected on RFC in females only, 
was 81% in cocks of the divergence in hens, suggesting a rather high genetic 
correlation between cocks and hens. The correlations between brothers and sisters 
found by Luiting et al. (1991a) were estimated to be 0.13 to 0.18. In conclusion, more 
research on the relation between RFC in males and in females is necessary. 
The use of sibling cage group averages 
Because housing of sib families in group cages gives less cages than with 
individual housing, measuring RFC on groups instead of on individual hens will reduce 
measurement costs. Loss in reliability of improvement in RFC by use of sib cage 
averages must be placed against savings of costs. However, the loss in reliability may 
be reduced because of the fact that the genetic correlation of RFC on the commercial 
level (which is the ultimate breeding goal trait) with group RFC is likely to be higher 
than the one with individual RFC (Sheridan, 1990, reviews some significant 
interactions between genotype and individual versus group housing for FC/EM). The 
question is if it is high enough to compensate for the loss of information. Because of 
lack of information on this particular parameter in the literature, this problem cannot 
be solved here. Damme (1984), El-Sayed (1988) and Wang (1990) report on multiple 
regression analyses of FC on EM, BW and BWG within successive generations within 
two medium-heavy strains (LSS and RIR) and their reciprocal crosses. Damme (1984) 
used family group cages, whereas El-Sayed (1988) and Wang (1990) used individual 
housing; comparison of their results did not show clear differences in R2, phenotypic 
variance or h2 of RFC between these housing forms. 
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Information on correlated characteristics that are cheaper to measure 
In a quantitative way, maintenance requirement seems to be the characteristic 
that is known to be related to RFC to the largest extent. Of course, this is not a trait 
to be measured easily or cheaply on a large number of individual birds. The main part 
of this relation seems to be caused by physical activity, for which the same remark 
applies. Mills (1987) suggested that it is possible to select birds for or against the 
expressions of stereotyped escape and sitting behaviour patterns during the pre-laying 
period. This type of selection is also not easy and cheap (time consuming), and has 
of course an imperfect correlation with the total physical activity. 
In the second place, RFC is determined by the requirement of sustaining body 
temperature. Selection for plumage quality or nude body areas would require the 
development of feather scoring systems as described by Conson (1985) or Herremans 
and Decuypere (1987), and some automation for comb, wattle and shank measures; 
both aspects seem to be feasible. However, the role of nude body areas is still quite 
uncertain and the impact of plumage quality on RFC is very variable in the literature 
(see section "(4) Variation among animals in partial regression coefficient for MBW"), 
which may be caused by differences in environmental, husbandry and population 
effects. 
Much attention has been paid to the impact of yolk/albumen ratio on feed 
efficiency (see sections "(5) Variation among animals in partial regression coefficients 
for EM" and "(6)... for BWG"). In spite of the fact that it is relatively easy to measure, 
the relation to RFC is quite unclear. 
In conclusion, this alternative seems not very promising on the short term. 
Side effects of selection for RFC 
Genotype • environment interaction 
Morris (1972) suggested that differences in partial energetic efficiencies 
between laying hens are expressed more clearly at a suboptimum energy consumption; 
this would mean a genotype * energy density interaction. From four literature sources 
presenting data from which this could be quantified for gross feed efficiency (FC/EM), 
the interaction was absent in two (Kondra and Sell, 1966; Luke et al., 1975) and 
present in the other two (Kondra et al, 1968; Purba-Sidadolog, 1987). The latter 
source gives also interactions for plumage quality (scored after Conson, 1985) and for 
daily feed intake pattern; these traits are likely to be correlated with RFC. To make 
use of Morris' suggestion, the animals in our study were fed with one of two diets 
which differed in energy density (low energy diet: 10.0 and commercial diet: 11.7 kJ 
ME g1). 
Hens fed this low energy diet have not been able to fully compensate their 
energy consumption (they consumed 43 kJ ME d"1 less), although they consumed 
significantly more feed (12 g d"1) than hens fed the commercial diet; still, they 
produced a similar amount of EM (Luiting and Urff, 1991a) with a similar 
composition (Bakker, 1988; Van Drunen, 1988a). It was concluded by Luiting and Urff 
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(1991a and 1991b) that, in order to maintain a high egg production level, the low 
energy diet resulted in a reduction of body weight growth (the hens were, on average, 
77 g less heavy) and in a small reduction of its energy density (Van Drunen, 1988a). 
Furthermore, variation in RFC was reduced: its standard deviation was 9 kJ ME d"1 
smaller. This is in accordance to the ideas expressed by Morris (1972). However, in 
contrast to the findings of Morris (1968) the regression coefficients of MBW showed 
only a very small, non-significant, difference between the two feed groups, and a 
smaller part of RFC seemed to be related with the maintenance requirement per kg3/4 
on the low energy diet (Luiting and Urff, 1991b). In accordance, no differences in heat 
production during respiration trials were found between the two feed groups (Ziggers, 
1987; Van Drunen, 1988a). The estimated partial efficiencies of BWG and EM did not 
differ clearly between diets either (Luiting and Urff, 1991a). The reduction of BWG 
and RFC must be largely environmental: it seems that hens that spend surplus energy 
for RFC-related processes simply adapt when being fed on a low energy diet. Luiting 
and Urff (1991c) found the environmental variance of RFC to be reduced on the low 
energy diet, but genetic variance appeared to be unaffected. This means that the 
heritability on the low energy diet was higher than on the commercial diet (Luiting 
and Urff, 1991c), but the repeatability was lower (Luiting and Urff, 1991b). 
The problem of possible genotype • energy density interaction has not been 
solved yet, although the predominant role of the environmental rather than the genetic 
variance in the above discussion suggests that its importance will not be large. Genetic 
correlation estimates between RFC of full sibs on the two energy densities in the 
population described by Luiting and Urff (1991a) were close to unity, but had very 
large standard errors (Van Drunen, 1988b). More research remains necessary. 
Boichard et al. (1990) state that genotype * protein density interactions for 
RFC were not present in their data. An interaction between genotype and ambient 
temperature could be possible in view of the role of sustaining body temperature for 
RFC. Likewise, in view of the role of physical activity, interactions of genotype with 
various environmental factors (housing conditions, lighting regimes, etc.) may be 
presumed. Furthermore, interactions with infection pressure could play a role in view 
of the extra metabolic costs of immune response. Katie et al. (1988) inoculated 25 days 
old chicks of the twelfth generation of the French divergent selection experiment on 
RFC with Eimeria acervulina (duodenal coccidiosis), and concluded that the lines did 
not differ notably with regard to their sensitivity; only small line • treatment 
interactions were found for lesion scores and a2-globuline serum concentration (the 
low RFC line showed a slightly more intense reaction to inoculation). Furthermore, 
the selection lines of Nordskog et al. (1984; see section "Selection index") on an index 
of EM + BW or EM + BW + FC were serotyped in the sixth generation for the 
Major Histocompatibility Complex (erythrocyte antigen B) by Lamont et al. (1987); 
of the three predominant haplotypes, two showed a difference in frequency between 
the two types of selection lines. 
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Stress 
Movements made during feed consumption, standing, and preening, and 
especially during pre-laying behaviour, seem to cause high absolute levels and large 
variation of HP between animals (see Table 4 in Luiting, 1990). Furthermore, pre-
laying behaviour patterns seem to be rather heritable; both sitting and pacing have 
shown to respond well to direct selection (Mills et al., 1985b); Heil et al. (1990) 
estimated heritabilities of pre-laying behaviour traits between 0.11 and 0.65. 
Morrison and Leeson (1978) recorded activity on video during three days in 
their high-low RFC sampling study, and noticed that the efficient animals (low RFC) 
spent more time resting (58% versus 50% of the day) and less time standing (42% 
versus 50%), including less time for feed consumption (12% versus 13%); Katie et al. 
(1984) observed in their high-low RFC sampling study by video, during one day, that 
the low RFC hens were less active (46 versus 49% of the day) and less sensitive to 
disturbances (70 versus 89% active during the first hour after egg collection). In the 
divergent selection experiment for RFC (as a fraction of E(FC)) that was based on the 
population from which these hens were sampled, Braastad and Katie (1989) measured 
behaviour patterns in the third generation: "In general, hens in the line with high RFC 
were more active and flighty than hens in the low RFC line, especially during the pre-
laying period. The increased activity comprised a broad range of behaviour patterns; 
food pecking, walking, pacing, flight, aggressive behaviour, and possibly standing with 
head movements. The increased difference between lines in the pre-laying period 
applied to all these patterns". 
An interesting question arises from the findings that hens with a low RFC show 
little physical activity in kJ kg"3/4 d'1 (see section "(4) Variation among animals in 
partial regression coefficient for MBW"), which turns out to be mainly the result of 
little locomotor activity and no pacing during the pre-laying period (Braastad and 
Katie, 1989): selection for a low RFC may be indirect selection for inactivity or sitting 
and against pre-laying pacing. The latter type of behaviour is seen as stereotyped 
escape behaviour, and is therefore probably an expression of frustration as a result of 
the hen's inability to find what it apparently considers to be a suitable nest site; 
furthermore, it appears likely that animals subject to long-term or repeated frustration 
are also subject to stress (Mills, 1987). Stress is without doubt a factor that increases 
the animal's metabolic rate (Siegel, 1980), which means that it would increase a major 
component of RFC. Hens that show pacing before laying have elevated heart-rates in 
the pre-laying period, whereas hens sitting in this period do not (Mills et al., 1985a). 
Because aggression, like pacing, is a common response to frustration (Duncan, 1970), 
the lower frequency of aggressive behaviour before laying in the low RFC line of 
Braastad and Katie (1989) could also support the pacing-frustration theory. In addition 
to this, escape behaviour (due to contact with the cage walls) increases the risk of 
feather loss which would increase the maintenance requirement for body temperature 
and thus RFC, and also the risk of skin abrasions and other injuries which would 
involve immune reactions and thus increase RFC too. Katie et al. (1988) measured 
corticosterone plasma levels of experimentally sham-treated 25 days old chicks of the 
twelfth generation of the French divergent selection experiment on RFC and 
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concluded that the high RFC line showed the higher level, which suggests that it was 
more sensitive to the mild stress of animal handling. 
The foregoing discussion does not imply that low RFC hens would not suffer 
from frustration and stress; it may well be that high RFC hens have a tendency to 
higher general activity levels, including pre-laying pacing, whereas low RFC hens find 
some other way to cope with the absence of nesting possibilities. The finding that 
several activity-related behaviour patterns were more frequent in the high RFC line 
of Braastad and Katie (1989) prior to pacing supports the suggestion that the 
frequency of pacing might reflect general activity levels. 
Would selection for low RFC lead to improved welfare of the hens? Apart 
from the fact that welfare improvement should be approached in the first place by 
husbandry measures such as replacement of battery cages by a cage type that allows 
the birds access to nests and nesting material, and from the question if genetic 
adaptation of animals to intensive circumstances by selection can be ethically justified 
(which question will not be answered here), the above discussion indicates that both 
pacing and excitability in general could be reduced by selecting for low RFC. The 
question remains if hens that show less pacing and excitability have a better welfare, 
apart from the fact that they would suffer less from injuries. On the one hand, these 
hens may simply be stressed to a lesser extent, on the other hand, they may suffer 
from the lack of behavioural means of expressing their frustration (Mills, 1987). In the 
latter case they are quite likely to express their frustration in another than behavioural 
way (Wiepkema et al., 1987; Wiepkema, 1990). Another indication for the latter 
alternative may be the observation that 58 week-old hens of the fourth generation of 
the low RFC selection line of Luiting et al. (1991d), when transferred from their usual 
surroundings to respiration chambers, showed moulting to a much larger extent than 
hens in the high RFC line. 
Low activity in cages may increase the incidence of osteoporosis and limb 
fractures (Knowles and Broom, 1990); Meyer and Sunde (1974) found that exercise 
in the cage may improve bone strength. This shows how difficult it may be to adapt 
the hen to cages by selection without a conflict between one welfare criterion and 
another (Braastad and Katie, 1989). In addition, it must be realized that by selecting 
birds for behaviour considered to be desirable in battery cages, we may well be 
selecting indirectly for behaviour that is undesirable in other housing systems (Mills, 
1987). 
Egg quality 
There is a large number of characteristics in the literature related to the 
fraction of cracked eggs, including specific gravity, shell fraction and thickness, 
deformation, etc.; these traits are only partly correlated to the fraction of cracked eggs 
(Petersen, 1977; Thompson and Hamilton, 1986). Nevertheless, any correlations of 
RFC with this kind of characteristics found in the literature have been combined in 
Figure 9, assuming correlations to the fraction of cracked eggs of -1 or 1. Published 
phenotypic correlations with RFC (including unpublished estimates from the data set 
of Luiting and Urff, 1991a) are weakly positive; the genetic correlation estimates in 
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this Figure suggest a zero correlation. In several generations of our own population 
(Van Diemen, 1988; Luiting et al., 1991c), a negative correlation was suggested. In the 
selection experiment reported by Boichard et al. (1990), a positive correlation was 
suggested. 
rA (•) and rD (D) R F C -
reference number 
FIGURE 9. Phenotypic (rr) and genetic (rA) correlations of residual feed consumption (RFC) with 
percentage of cracked eggs (% CE) and albumen height (Haugh units, HU) from various literature 
sources (reference numbers have been indicated in the reference list, and 34: P. Luiting, unpublished 
results); symbols indicate the type of correlation estimated, the bars indicate the range among estimates 
from a particular reference 
Phenotypic correlation estimates between RFC and albumen height in the 
literature are between -0.10 and 0.15 (Bordas and Mérat, 1974; Bordas et al., 1978; 
Mérat et al., 1980; Bordas and Mérat, 1981; Katle et al, 1984). Fairfull and Chambers 
(1984) report a zero genetic correlation of RFC with albumen height. Boichard et al. 
(1990) found a negative correlation with albumen height in their selection experiment 
and stated "albumen height tended ... to be lower in [high RFC] hens ..., which could 
be related to the thinner egg shell and a higher water loss before measurement. The 
difference also observed on embryonic mortality, with poorer performances in the 
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[high RFC] line (20% versus 10% ...), could also be related to a poorer shell quality". 
The latter relation is not clear in our own population; non-significant, negative 
phenotypic correlation estimates between RFC and hatching rate (-0.03 and -0.10) and 
mostly non-significant, negative or positive, differences in hatching rate between RFC 
selection lines were found in three generations (Chin Kwie Joe and Witteveen, 1988, 
and P. Luiting, unpublished results). In conclusion, the relation of RFC with egg 
quality traits is still unclear. 
Much attention has been paid to the impact of yolk/albumen ratio on feed 
efficiency (see sections "(5) Variation in partial regression coefficients for EM" and 
"(6)... for BWG"). Apart from the fact that the relation to RFC is dubious, it should 
be realized that the expected direction of change in relation to RFC improvement 
(less yolk, more albumen) may be not desirable from a consumer's point of view, in 
contrast to often heard opposite statements from the discussion concerning cholesterol 
content. 
Manure production 
It is obvious that hens that consume less feed will produce less manure in terms 
of dry matter. This would suggest a correlation between RFC and faecal dry matter 
production. Espinoza-Velezeques and Nordskog (1982) studied genetic aspects of the 
latter trait, estimated heritabilities of 0.27 to 0.48, and suggested that "the inclusion 
of dry faeces ... into a selection index that includes also BW and EM may be of 
practical use in a breeding program for the genetic improvement of feed efficiency for 
egg production". 
Another aspect related to the manure problem is the quantity of water 
involved. Hawes et al. (1974) estimated heritabilities for faecal wet weight, water 
percentage, and a five point score for water content of 0.36, 0.21 and 0.18. Bordas et 
al. (1978) and Leenstra and Pit (1990) suggested that a major gene (polydipsia) may 
be responsible for an enlarged water intake in laying hens, and thus a higher faecal 
wet weight. Bordas et al. (1978) found Polydipsie birds to have a significantly higher 
RFC, however no correlation of water consumption with RFC after adjustment for 
polydipsia was found. 
In our high-low sampling studies the low RFC hens produced 5 and 2 g d"1 
faecal dry matter less than the high RFC hens (unpublished results). When considering 
the predicted genetic reduction in FC of I6 compared to I4 in section "Selection index" 
(1.185 g d"1, assuming i = 1), and assuming dry matter digestibility of 75% and faecal 
dry matter percentage of 25% (Leenstra and Pit, 1990), faecal dry and wet matter 
output would be reduced by 0.296 and 1.185 g d"1 per nucleus female, respectively. 
Recommendations for further research 
During the foregoing discussion, several questions have been raised that could 
not be fully clarified from literature or from our own research: 
1) The genetic parameters of RFC, especially correlations with economic traits, have 
scarcely been estimated in populations of satisfactory size and structure. 
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2) Information on heterosis of RFC is rudimentary. 
3) The physiological background of RFC in terms of maintenance of body tissues, 
sustaining of body temperature, basal metabolic rate and stress susceptibility, has been 
investigated in little or no detail yet. 
4) The resemblance of RFC in cocks and in hens is poorly understood. 
5) Genotype • environment interactions have hardly been evaluated. 
It seems that many of these problems could be addressed at the same time by 
making use of divergent selection experiments, in which lines are selected for low or 
high RFC in hens. Direct and correlated genetic responses (including the performance 
of cocks), when analysed by individual animal model-BLUP techniques (Schaeffer and 
Kennedy, 1986), may provide satisfactory estimates of genetic parameters. After some 
generations, when sufficient genetic contrast has been created, the lines could be 
crossed in order to obtain information on dominance genetic effects, and may also 
serve as genetic high-low sampling groups for metabolic studies (Pollak et al., 1984). 
When the selection lines are divided over some classes of relevant environmental 
factors, interactions of the RFC genotype with these factors can be studied quite 
easily. 
Four of these selection experiments have been initiated in Europe and have 
been referred to in the foregoing discussion. The French selection experiment uses not 
only RFC in hens but also RFC in cocks as a selection criterion. It has been indicated 
above that RFC in males and females are probably different traits; this requires a 
multivariate individual animal model-BLUP analysis of the data, which would 
especially result in more information on RFC in cocks apart from the already 
mentioned topics. The Dutch population described in this thesis has been used as the 
founder population of two divergent selection experiments on RFC in hens only, one 
fed on the abovementioned low energy diet, the other on the commercial diet. The 
first results from these lines, concerning the above topics 1), 3) and 4), have been 
published by Luiting et al. (1991a, 1991b and 1991d), and some of them have been 
used in the foregoing discussion. 
The Norwegian and the Finnish selection experiments use RFC expressed as 
a fraction of expected feed consumption (RFC/E(FC)) as the selection criterion. As 
is the case when selecting on feed conversion ratio FC/EM, selection on this ratio will 
place an unknown amount of selection pressure on the denominator E(FC) = b0 + 
bj MBW + b2 EM + b3 BWG, and therefore on other traits than RFC alone (ie. 
MBW, EM and BWG). This may complicate the physiological interpretation of the 
selection results. 
In spite of the quite large amount of literature on RFC in laying hens, a 
number of aspects of this characteristic remains to be solved yet. The above selection 
experiments may make an important contribution to that. 
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Appendix 2. 
Equivalent selection indices and aggregate genotypes 
P. Luiting*, J .HJ. van der Werf* and T.H.E. Meuwissen+ 
Department of Animal Breeding, Wageningen Agricultural University, P.O. Box 338, 
6700 AH Wageningen (#) and "Schoonoord" Research Institute for Animal Production, 
P.O. Box 501, 3700 AM Zeist (+), The Netherlands 
This appendix summarizes equivalent selection indices: a conditional index or 
aggregate genotype where one trait has been written conditionally upon other traits. 
It can be applied e.g. when feed consumption in the selection procedure is replaced 
by residual feed consumption. 
Suppose a simple selection index situation with n traits phenotypically measured 
on animals; the P matrix is of order n * n. The index is represented as I = b ' X (with 
var (X) = P). The same n traits appear in the aggregate genotype, and therefore the 
G and C matrices are also of order n + n. The aggregate genotype is represented as 
H = v ' A (with cov (X,A) = G = var (A) = C). Selection index equations to find 
optimum weighting factors in b are: 
var (x,) cov (x,,^) 
cov ( v Q var (x,) 
cov (x,,a,) cov (x,,aj) 
cov (Xj.a,) cov (Xj.aj) 
or P b = G v (1) 
The accuracy of selection is then equal to rIH = J(b ' P b / v ' C v) and the 
response to selection depends on al = y(b ' P b). 
In some cases we want to redefine the selection index variables such that one 
variable x; is independent to the other n - 1 variables xt. An example is the use of 
residual feed consumption next to egg mass production and body weight instead of 
feed consumption. Suppose we redefine Xj into x* such that x* is independent upon the 
other variables xt. Then x( can be found as a conditional variable x( r ' xt, where xt 
is the vector with all other n - 1 variables, and r is the phenotypic regression of X; on 
these variables: r = cov (Xj,x,) / var (xt). The new selection index equations can be 
written as: 
var (x,) 
0 
0 
var ( x , ) _ 
K 
b" 
cov (x,,a,) cov (x,,^) 
cov (x°,a,) cov (x'.a;) 
Notice that the transformed variable x* is not genetically independent on the 
other variables xt; cov (x*,a,) = cov (Xj,a,) - r ' cov (x„at) and cov (x*,aj) = cov (Xj,a;) 
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- r ' cov (x,,^) is not equal to the conditional genetic variance of the transformed trait. 
These selection index equations for the new index variables are now as follows: 
P' b' = G" v 
which equals Q' P Q Q' b = Q' G v 
The transformation matrix Q is defined as: 
I -r ' 
(2) 
(3) 
Q = 
0 1 
Note that also the b vector of weighting factors changes. Because b* can be 
written as Q"1 b, the equivalence between (1) and (2) can easily be shown by noting 
that (2) is obtained after premultiplying both sides of (1) by Q', and inserting Q Q"1 
= I in the lefthand side of the equation. As the aggregate genotype has not changed, 
v' C v is unaffected too. Thus, the accuracy of the tranformed selection index is equal 
to rIH = 7(b' ' P'b* / V C v) = 7(b' Q1 Q' P Q Q1 b / V C v) = 7(b' P b / v' 
C v) and the response to selection depends on a, = 7(b ' Q"1 Q ' P Q Q"1 b) = 7(b ' 
P b). Hence selection on the transformed variables is equivalent to selection on the 
original index. 
Instead of transforming index variables, we may wish to transform the aggregate 
genotype traits. One option is to perform the same phenotypic regression: r = 
cov (xj.x,) / var (xt). The new selection index equations can then be written as: 
var (x,) cov (jq.xj 
cov (Xi,x,) var (jq) 
or P b = G' v' 
which equals P b = G Q Q1 v 
cov (x,,a,) cov (x,,a') 
cov (Xj.a,) cov (Xi,aj) 
(4) 
The transformation matrix Q is the same as (3). The equivalent selection index 
is obtained if economical values are also transformed as v* = Q"1 v. Hence, the 
economic value of the transformed variable is unchanged, but economic values of the 
other n - 1 traits become \\ = v, + r ' Vj. 
Transforming both the index variables and the aggregate genotype traits, both 
by phenotypic regression, combines (2) and (4): 
P' b' = G* v' 
which equals Q' P Q Q1 b = Q' G Q Q ' v (5) 
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In practice, a more logical transformation of the aggregate genotype would be 
to perform a genetic regression, where s is the genetic regression of aj on the n - 1 
"other" aggregate genotype traits a,, Le. s = cov (a^a,) / var (a,). Selection index 
variables are regressed phenotypically as in (2), Qx is defined as Q in (3) and Q2 is 
defined as: 
_ (6) 
I -s 
Q2 -
o 1 
The transformed selection index and aggregate genotype lead to the following 
general equations: 
P' b' = G' v 
which equals Q\ P Q, Q71 b = Q ; G Q2 Q21 v (7) 
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In the laying sector, about 60 to 70% of the total production costs is made up 
by feed costs. Therefore, net income is primarily determined by gross income minus 
feed costs. These economic items correspond with feed consumption (FC) and egg 
mass production (EM), but because of the direct relationship between these traits, the 
trait feed conversion (FC/EM) is often used instead. 
This trait is responsible for an important part of the variation in net income 
between egg producers, too. For Dutch egg producers it has been shown that 
differences in FC/EM could be responsible for a difference in net income of 43% of 
the averaged net income, and that these FC/EM differences are presumably of a 
genetic origin. 
Over the last 20 years, Random Sample Test data of laying hens in The 
Netherlands show a steady improvement in FC/EM; this is accompanied by a large 
increase of EM and a small decrease of body weight (BW). Multiple regression of 
these FC/EM data on the corresponding EM and BW values showed that the 
variation in EM accounted for 79% and the variation in BW for 15% of the 
differences in FC/EM from 1967 to 1988. FC does not show a clear time trend in 
these data; the effects on FC of a higher EM and a lower BW almost balance. 
The abovementioned relations of FC/EM with EM and BW can also be found 
in the literature as estimated on individually measured hens, and as correlated 
responses for FC/EM in selection experiments for high EM or low BW. Most 
phenotypic and genetic correlation estimates of FC/EM with EM are between -0.5 and 
-1, those of FC/EM with BW are mostly between 0 and 0.5. 
EM is an important breeding trait by itself and BW is higly heritable, and 
because EM and BW are easily and cheaply measurable (without extra equipment) 
and highly correlated with FC/EM, selection for reduced BW and increased EM has 
been practised by commercial poultry breeding organizations and has been effective 
also in improving FC/EM. The measurement of individual feed consumption is 
regarded to be laborious and to require expensive facilities; therefore, direct selection 
for FC/EM is rarely practised. 
However, the indirect improvement of FC/EM will likely become affected by 
physiological limits on EM that may occur at high levels of production, and by the 
already reached optimum egg weight. Because maintenance requirements account for 
the major proportion of FC, BW reduction obviously can be very significant for 
FC/EM improvement. But the possibilities for this strategy are limited: BW is quite 
closely related to egg weight, lighter hens producing lighter eggs. Furthermore, the 
extra returns in terms of FC/EM from improvement of either EM or BW are 
dependent on the level of these traits: the correlated change in FC/EM will diminish 
as EM improvement continues. 
Therefore, it seems that the improvement of FC/EM by indirect selection will 
become more difficult, both in an absolute and in a relative sense. Especially in the 
context of the present decrease in the egg price / feed price ratio in the western 
world, direct selection for improved FC/EM is becoming more and more relevant. 
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Of course, direct selection for a low FC/EM can be practised and a direct 
response may be expected. However, as a result of the non-linear relations among FC, 
EM and BW within the trait FC/EM, an important part of the improvement of 
FC/EM that can be realized by direct selection will be attributable to the correlated 
responses of BW and EM; these effects could have been obtained more easily and 
cheaply by direct selection on BW and EM. It follows that the part of variation in 
FC/EM.that is not accounted for by variation in BW and EM (i.e. the part of 
variation in FC that is not accounted for by variation in BW and EM) would not be 
exploited in an optimum way. 
In order to study the sources of variation not accounted for by BW and EM, 
the trait "residual feed consumption" (RFC) is introduced, defined in laying hens as 
feed consumption corrected for egg mass production, body weight and change in body 
weight. The question rises if hens have different feed requirements to produce a gram 
of egg or to maintain a gram of body weight, and if other important feed demanding 
processes than EM, BW and body weight gain (BWG) exist that can be responsible 
for variation in feed requirements between hens. Thus, RFC may be regarded as a 
measure of net feed efficiency, in contrast to gross feed efficiency, which is FC/EM. 
A review of the relevant literature (chapter 1) revealed that when multiple 
linear regression of FC on metabolic body weight (MBW = BW", with usually a = 
0.75), BWG, and EM is calculated between or within strains of laying hens, a standard 
deviation of 47 to 180 kJ ME d"1 remains unexplained by these effects. The reported 
heritability estimates of this residual term range from zero to 0.8. 
Genetic differences in the ability to metabolize gross feed energy were found 
to be of limited magnitude; the coefficient of variation is 1 to 3% From calorimetric 
experiments, the ranges of heat production (HP), of maintenance requirement (MEm) 
and of fasting heat production (FHP) between strains are all found to be 18 to 130 kJ 
kg"3/4 d"1; variations among individuals within strains are of the same magnitude 
(standard deviations: 16 to 125 kJ kg"3/4 d'1). Therefore, the variations of heat 
increment of production (which constitutes the difference HP - MEm) and of heat 
increment of maintenance (MEm - FHP) seem to be small. The variation in feed 
requirements as a result of variation in egg and body composition is small too. The 
main component of HP variation, and, because of the similar magnitude, of RFC 
variation too, seems to be the variation of MEm, which would imply differences in 
physical activity, feathering density, basal metabolic rate, area of nude skin (comb, 
wattles, legs), body temperature and body composition. 
It became clear that various multiple regression models have been used in the 
literature to calculate RFC, which makes it difficult to compare the published results; 
in order to obtain more insight in this matter, several multiple regression models for 
the daily metabolizable energy consumption (MECD) of laying hens were evaluated 
in a White Leghorn population that is maintained in the department of Animal 
Breeding. The animals were housed individually in cages during a 44 week laying 
period and fed either a commercial or a low energy diet (11.7 and 10.0 MJ ME kg"1, 
respectively). Every four weeks, individual records on FC, BW, EM, egg number and 
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number of abnormal eggs (soft-shelled, double-yolk and very small, apparently 
yolkless, eggs) were available. Also age at first egg (AFE) was recorded. 
This study has been described in chapter 2. Residual analysis of regression of 
MECD on MBW, EM and BWG showed significant effects of time and diet. Tests for 
these effects on the regression parameter estimates showed significant differences over 
time. In the regression model, several alternatives for the energy demanding processes 
of maintenance, egg production and weight gain were compared. Additions of AFE 
and two-way interactions were also studied. Only addition of an intercept (or non-
linear regression with the metabolic exponent a in MBWa to be estimated from the 
data) and adjusting EM for abnormal eggs (EMc) gave significant improvement of fit. 
An important finding was that subdivision of the laying period in short time 
intervals, and analyzing the data within these intervals, seemed to remove part of the 
differences between hens in composition of eggs and deposited body mass; as a result, 
it was not necessary to include traits related to these composition parameters into the 
regression model. 
Based on the results of this study, RFC can be defined in more detail as the 
regression residual from the optimum model of MECD on MBW, EMc and BWG 
(including an intercept) within short time periods and within diet. 
From the literature review, some questions remained unresolved. In order to 
answer these questions, and to obtain more information on the physiological 
backgrounds of RFC, two high-low sampling studies with respect to RFC have been 
performed. These trials have been described in chapter 3. In each of the two 
replicates, six "efficient" and six "inefficient" hens (with a low and a high RFC, 
respectively, but with comparable EM, BW and BWG) were used in energy 
metabolism studies involving indirect calorimetry with activity measurement. Low-RFC 
and high-RFC hens showed similar metabolizability of energy, cloacal temperature, 
shank dimensions and egg composition; however, low-RFC hens produced less heat 
(to almost the same degree as the imposed RFC); activity related HP accounted for 
29 to 54% of the difference in total HP between low-RFC and high-RFC hens. 
Plumage quality explained 14 to 19% of the difference in HP. Adjustment for heat 
increment of production changed the HP difference by -5 to 1% only. What is finally 
left unexplained (100 - 54 - 14 + 5 = 37% to 100-29 -19 -1 = 51% of the HP 
difference) was of the same order of magnitude as activity related HP; it can be 
regarded as an upper limit to differences in basal metabolic rate. 
Based on the regression model derived in chapter 2, the variation of RFC in 
our own White Leghorn population has been analyzed in further detail. The 
phenotypic variation is quantified in chapter 4, the genetic variation in chapter 5. 
RFC showed a phenotypic standard deviation of 4 to 8 g d"1. The repeatability 
was estimated as 0.52 to 0.58, and the heritability of RFC accumulated over the whole 
laying period (RFC-T) as 0.42 to 0.62. Phenotypic correlations of RFC as measured 
in each 4 week period between 32 and 56 weeks of age with RFC-T were estimated 
to be around 0.8, while the corresponding genetic correlation estimates were larger 
than 0.9. No clear differences could be found for genetic versus phenotypic correlation 
estimates of RFC with FC, MBW, EMc and BWG. 
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It was concluded that RFC shows a considerable amount of systematic and 
permanent phenotypic and additive genetic variation. The genetic sources causing 
variation in RFC during the first part of lay seem to differ from those causing 
variation later on, and to be of less importance during the rest of the laying period. 
Experimental RFC measurements can be limited to the period between 32 and 56 
weeks; for selection purposes, measurements can be limited to one to three 4 week 
periods within that traject. 
When the data set was divided in two groups of hens, one with negative and 
the other with positive RFC values, and the regression of MECD on MBW, EMc and 
BWG was performed within these groups, only the regression coefficients of MBW 
appeared to differ significantly between the groups. The difference between these 
coefficients was similar to the RFC difference between the groups. This confirms the 
findings from the respiration trials, that variation in RFC is mainly caused by 
differences among hens in maintenance requirements per kg3/4. 
Phenotypically, less RFC variation seemed to exist, and less of it seemed to be 
systematic or related to the maintenance requirement per kg3/4, in the low energy diet 
in comparison with the commercial diet. From the genetic analysis it became clear 
that this lower variation in the low energy diet could be attributed to less 
environmental variance, while genetic variances were similar; therefore, heritabilities 
and genetic correlations were higher in the low energy diet. 
It is concluded from these statistical and experimental results that the variation 
in RFC is mainly caused by variation in maintenance requirements. In a quantitative 
sense, the most important sources of this variation seemed to be differences in 
physical activity, in the energetic requirement for sustaining body temperature and in 
basal metabolic rate. Differences in metabolizability of feed energy and differences 
in the heat increment of production (e.g. differences in composition of eggs and 
deposited body mass) turn out to play an unimportant role. 
Because the variation in RFC was shown to be highly heritable, the question 
rises how this genetic variation in net feed efficiency can be utilized for breeding; it 
would avoid the abovementioned disadvantages of selection for FC/EM (which is 
gross feed efficiency). It is shown in the general discussion of this thesis that a 
combination of EM, BW and FC measurements, when properly weighted into a 
selection criterion by classical selection index theory, would put a considerable amount 
of selection pressure on FC corrected for EM and BW, and thereby on RFC. Then, 
EM (and also BW, dependent on its economic value) may be expected to increase, 
and RFC to be reduced. As a result, FC will increase only to sustain the improved 
production, which leads to the optimum selection response in gross income minus feed 
costs. 
Generally, the prospects of inclusion of feed consumption measurements into 
selection criteria for practical laying hen breeding seem to be promising with regard 
to economic revenues; as far as costs are considered, cost-reducing methods seem to 
be possible (shortening of the measurement period or reducing the number of animals 
to be measured by multi-stage selection). The evaluation of costs and benefits is 
largely dependent on organization-specific circumstances. Therefore, a generally 
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applicable evaluation is not possible; it has to be performed on the breeding 
organization level. 
Moreover, apart from the favourable effects of a reduction of feed consumption 
on the utilization of natural resources and on manure production, some other possible 
side effects need more study. It seems that improvement of net feed efficiency will 
have little effect on egg and shell quality, but the information on this topic is still 
rudimentary. Selection for a low RFC will probably lead to less active animals, 
presumably especially with regard to stereotype behaviour patterns. This may be 
regarded as a development towards less stress susceptibility, but it is also possible that 
these animals have less behavioral possibilities to cope with the stress imposed on 
them by the intensive husbandry system. More research on this topic is necessary. 
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In de legsector wordt 60 tot 70% van de totale produktiekosten teweeggebracht 
door voerkosten. Het arbeidsinkomen van de leghennenhouder wordt dan ook 
voornamelijk bepaald door het bruto inkomen minus de voerkosten. Deze 
economische grootheden komen overeen met voeropname (VO) en eimassaproduktie 
(EM), maar omdat deze kenmerken sterk met elkaar samenhangen wordt hiervoor in 
de plaats vaak het kenmerk voederconversie (VO/EM) gebruikt. 
Dit laatste kenmerk is tevens verantwoordelijk voor een belangrijk deel van de 
verschillen in arbeidsinkomen tussen leghennen-bedrijven. Voor Nederlandse leghen-
nen-houders is gebleken dat verschillen in VO/EM verantwoordelijk kunnen zijn voor 
een verschil in netto inkomen van 43% van het gemiddelde netto inkomen, en dat 
deze VO/EM-verschillen waarschijnlijk genetisch van aard zijn. 
In de resultaten van de Nederlandse Random Sample Test voor leghennen 
vanaf 1967 vertoont VO/EM een gestage verbetering; dat gaat samen met een sterke 
verhoging van EM en een lichte verlaging van het lichaamsgewicht (LG). Multiple 
regressie van deze VO/EM-gegevens op de bijbehorende EM- en LG-gegevens wijst 
uit dat de variantie van VO/EM tussen 1967 en 1988 voor 79% kan worden verklaard 
uit de variantie van EM, en voor 15% uit de variantie van LG. De VO-gegevens 
vertonen geen duidelijk verloop in de tijd; de effecten van de toenemende EM en het 
afnemende LG op VO heffen elkaar ongeveer op. 
Bovengenoemde relaties van VO/EM met EM en LG kunnen ook in de 
literatuur worden gevonden, hetzij in de vorm van schattingen die zijn verricht aan 
individueel gemeten hennen, hetzij in de vorm van gecorreleerde responsen van 
VO/EM in selectie-experimenten op EM of LG. 
De meeste schattingen van fenotypische en genetische correlaties tussen VO/EM en 
EM liggen tussen -1 en -0.5, die tussen VO/EM en LG tussen 0 en 0.5. 
EM is op zichzelf een foktechnisch belangrijk kenmerk, en LG is in sterke maté 
erfelijk; omdat EM en LG gemakkelijk en zonder veel investeringen kunnen worden 
gemeten hebben pluimveefokkerij-organisaties geselecteerd op een hoge EM en een 
laag LG, waardoor tegelijkertijd VO/EM werd verbeterd. Het meten van individele 
VO wordt algemeen als (te) arbeidsintensief en kostbaar beschouwd; om die reden 
wordt er zelden direct op VO/EM geselecteerd. 
De mogelijkheden voor indirecte verbetering van VO/EM zullen echter 
waarschijnlijk beïnvloed gaan worden door fysiologische grenzen aan EM, en ook door 
het feit dat het gemiddelde ei-gewicht zijn optimum heeft bereikt. Omdat de 
onderhoudsbehoefte het grootste deel van VO veroorzaakt kan verlaging van LG een 
grote verbetering van VO/EM teweegbrengen. De mogelijkheden voor deze strategie 
zijn echter van beperkte aard, want LG hangt nauw samen met ei-gewicht: lichte 
hennen produceren kleine eieren. Bovendien is de verbetering van VO/EM ten 
gevolge van verbeteringen in EM of LG afhankelijk van het uitgangsniveau van deze 
kenmerken: de gecorreleerde respons van VO/EM neemt af naarmate EM toeneemt. 
Als gevolg van dit alles ziet het ernaar uit dat verbetering van VO/EM door 
indirecte selectie steeds moeilijker zal worden. Met name gezien de huidige afname 
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in de westerse wereld van de verhouding eierprijzen/voerprijzen wordt directe selectie 
op VO/EM steeds meer opportuun. 
Directe selectie op VO/EM kan natuurlijk als zodanig worden uitgevoerd, en 
er mag dan ook een directe selectierespons verwacht worden. Ten gevolge van de niet-
lineaire relatie tussen VO, EM en LG binnen het kenmerk VO/EM zal een zeer 
groot deel van die respons echter worden veroorzaakt door gecorreleerde responsen 
van EM en LG, en die responsen kunnen gemakkelijker en tegen minder kosten 
worden verkregen door directe selectie op EM en LG. Daaruit volgt dat dat gedeelte 
van de variatie in VO/EM dat niet samenhangt met variatie in EM en LG (namelijk 
het gedeelte van de variatie in VO dat niet samenhangt met variatie in EM en LG) 
niet optimaal wordt benut. 
Om die "rest-variatie" nader te bestuderen wordt het kenmerk "residuele 
voeropname" (RVO) geïntroduceerd. RVO bij leghennen kan worden omschreven als 
voeropname gecorrigeerd voor eiproduktie, lichaamsgewicht en lichaamsgroei. De 
vraag die daarbij gesteld kan worden is, of hennen onderling verschillen in hun 
voerbehoeften voor de produktie van een gram eimassa of voor het onderhoud van 
een gram lichaamsgewicht, en of er nog andere processen dan EM, LG en 
lichaamsgroei (GR) bestaan die tot verschillen in voerbehoefte tussen hennen kunnen 
leiden. RVO kan dus worden beschouwd als een maat voor netto voer-efficiëntie, in 
tegenstelling tot VO/EM, die bruto voer-efficiëntie voorstelt. 
Uit literatuuronderzoek (hoofdstuk 1) bleek dat bij multiple lineaire regressie 
van VO op EM, GR en metabolisch lichaamsgewicht (MLG = LGa, meestal met a 
= 0.75) tussen of binnen genetische lijnen, een residuele standaardafwijking van 47 
tot 180 kJ ME d"1 onverklaard blijft. De erfelijkheidsgraad van deze restterm wordt 
tussen 0 en 0.8 gerapporteerd. 
Het bleek dat genetische verschillen in de omzetbaarheid van bruto voerenergie 
erg klein zijn; de variatiecoëfficiënt varieert tussen 1 en 3% In calorimetrische 
experimenten worden verschillen tussen lijnen gevonden in warmteproduktie, in 
onderhoudsbehoefte en in de warmteproduktie tijdens vasten tussen 18 en 130 kJ 
kg"3/4 d"1; de variatie tussen hennen binnen lijnen is van dezelfde orde van grootte 
(standaardafwijkingen lopen uiteen van 16 tot 125 kJ kg'3/4 d"1). Hieruit blijkt dat de 
variatie in de energetische verliezen gekoppeld aan produktie (i.e. het verschil tussen 
warmteproduktie en onderhoudsbehoefte) en de variatie in de energetische verliezen 
gekoppeld aan onderhoudsprocessen (i.e. het verschil tussen onderhoudsbehoefte en 
vastende warmteproduktie) van beperkte omvang zijn. De variatie in voerbehoeften 
als gevolg van verschillen in ei- en lichaamssamenstelling is ook gering. Het 
voorgaande betekent dat variatie in de onderhoudsbehoefte de voornaamste bron is 
voor de variatie in warmteproduktie, en ook voor de variatie in RVO, aangezien de 
variatie in warmteproduktie ongeveer even groot is als de eerder genoemde variatie 
in de restterm van multiple regressie. Daarbij moet worden gedacht aan verschillen 
in activiteit, bevedering, basaalstofwisseling, oppervlak van onbevederde huiddelen 
(kam, lellen, poten), lichaamstemperatuur en lichaamssamenstelling. 
Het werd tevens duidelijk dat er in de literatuur verschillende 
regressiemodellen waren gebruikt om RVO te berekenen, wat het moeilijk maakte om 
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de resultaten te vergelijken. Om hierin meer inzicht te verkrijgen zijn multiple 
regressiemodellen voor de dagelijkse OE-opname geëvalueerd op de gegevens van de 
populatie Witte Leghorns die door de vakgroep Veefokkerij in stand wordt gehouden. 
Deze hennen waren individueel in batterijkooien gehuisvest, en werden gedurende een 
legperiode van 44 weken gevoerd met ofwel een commercieel leghennenvoer ofwel 
met een voer met een laag energie-gehalte (respectievelijk 11.7 en 10.0 MJ ME kg"1). 
Individuele gegevens met betrekking tot VO, EM, LG, aantal eieren, en afwijkende 
eieren (windeieren, dubbeldooiers en kleine eieren zonder dooier) werden over vier-
weekse perioden verzameld. Tevens werd de leeftijd bij het leggen van het eerste ei 
(LIE) vastgelegd. 
Dit onderzoek wordt beschreven in hoofdstuk 2. Analyse van de resttermen van 
de regressie van OE-opname op EM, MLG en GR bracht significante effecten van 
(leef)tijd en voersoort aan het licht. De (leef)tijdsfactor bleek ook de geschatte 
regressiecoëfficiënten significant te beïnvloeden. Verscheidene alternatieve modellen 
voor de energie-verbruikende processen onderhoud, eiproduktie en lichaamsgroei 
werden vergeleken, en de opname van LIE en tweeweg-interacties werd eveneens 
geëvalueerd. Het bleek dat alleen de opname van een intercept in het regressiemodel 
(met als alternatief: niet-lineaire regressie met LG° in het model, waarbij a uit de 
gegevens wordt geschat) en het corrigeren van EM voor het vóórkomen van 
afwijkende eieren (EMc) tot een significante verbetering van de voorspelling van de 
OE-opname leidden. 
Een belangrijk resultaat was dat het opdelen van de legperiode in korte 
tijdsintervallen, en de analyse van de gegevens binnen die intervallen, een deel van de 
variatie tussen hennen in relatie tot ei- en aanzet-samenstelling leek op te heffen; als 
gevolg daarvan bleek het niet nodig om effecten in het regressiemodel op te nemen 
die met deze samenstellings-kenmerken samenhangen. 
Op basis van deze resultaten kan RVO meer gedetailleerd worden gedefinieerd 
als de restterm van het optimale regressiemodel van OE-opname op EMc, MLG en 
GR, inclusief een intercept, binnen korte tijdsintervallen en binnen voersoort. 
Het literatuuronderzoek had enkele problemen niet opgelost. Om daarop een 
antwoord te verschaffen, en om meer informatie te verkrijgen met betrekking tot de 
fysiologische achtergronden van RVO, zijn twee experimenten uitgevoerd waarin 
groepen extreme hennen ("extreem" in de zin van: met een zeer lage of een zeer hoge 
RVO) zijn vergeleken. Deze experimenten zijn beschreven in hoofdstuk 3. In elk 
experiment werden zes "efficiënte" en zes "inefficiënte" hennen (met respectievelijk 
een lage en een hoge RVO, maar met vergelijkbare EM, LG en GR) onderworpen 
aan indirecte calorimetrie met registratie van activiteit. De lage en hoge RVO-groepen 
vertoonden vergelijkbare niveaus van omzetbaarheid van bruto voerenergie, lichaams-
temperatuur, afmetingen van de poten, en eisamenstelling. Lage RVO-hennen 
produceerden echter minder warmte dan hoge RVO-hennen (in dezelfde orde van 
grootte als het aangelegde RVO verschil): verschillen in activiteits-gebonden 
warmteproduktie waren verantwoordelijk voor 29 en 51% van de verschillen in totale 
warmteproduktie tussen de lage en hoge RVO-groepen. De kwaliteit van de 
bevedering verklaarde 14 en 19% van die verschillen. Correctie voor de verschillen in 
energetische verliezen gekoppeld aan produktie veranderde de warmteverschillen met 
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slechts -5 en 1% Wat er uiteindelijk aan verschillen in warmteproduktie overblijft 
(respectievelijk 100 - 54 - 14 + 5 = 37% en 1 0 0 - 2 9 - 1 9 - 1 = 51% van de 
verschillen in totale warmteproduktie) was van dezelfde orde van grootte als de 
verschillen in activiteits-gebonden warmteproduktie; deze restpost kan worden 
beschouwd als een bovengrens voor verschillen in basaalstofwisseling. 
Uitgaande van het in hoofdstuk 2 afgeleide optimale regressiemodel is de 
variantie van RVO in onze Witte Leghorn-populatie nader geanalyseerd. De 
fenotypische variantie is beschreven in hoofdstuk 4, de genetische in hoofdstuk 5. 
De fenotypische standaardafwijking van RVO lag tussen 4 en 8 g d"1. De 
geschatte herhaalbaarheden waren 0.52 en 0.58, de geschatte erfelijkheidsgraden van 
RVO, gecumuleerd over de hele legperiode (RVO-T) waren 0.42 en 0.62. 
Fenotypische correlaties tussen RVO-waarden in elke vier-weekse periode 
tussen 32 en 56 weken leeftijd en RVO-T lagen rond 0.8, de overeenkomstige 
genetische correlaties waren hoger dan 0.9. Fenotypisch versus genetisch konden geen 
duidelijke verschillen worden aangetoond tussen de correlaties van RVO met VO, 
EMc, MLG en GR. 
Geconcludeerd werd dat RVO een grote systematische en permanente 
fenotypische en additief genetische variatie vertoont. In het begin van de leg blijkt de 
genetische variatie deels door andere factoren te worden veroorzaakt dan daarna. Het 
meten van RVO voor experimentele doeleinden kan worden beperkt tot de periode 
tussen 32 en 56 weken leeftijd; voor selectiedoeleinden kan worden volstaan met 
metingen gedurende 1 tot 3 vier-weekse perioden binnen dat traject. 
Wanneer de hennen in twee groepen werden verdeeld, een groep met hennen 
met negatieve RVO en de andere met positieve RVO, en de regressie van OE-
opname op EMc, MLG en GR binnen deze groepen werd uitgevoerd, bleek aleen de 
regressiecoëfficiënt van MLG significant tussen de groepen te verschillen. Het verschil 
tussen deze coëfficiënten was vergelijkbaar met het verschil in RVO tussen de 
groepen. Dit beeld bevestigt het resultaat uit de respiratieproeven, dat de variatie in 
RVO voornamelijk wordt veroorzaakt door verschillen tussen hennen in de 
onderhoudsbehoefte per kg3/4. 
Fenotypisch gezien leek het erop dat de variatie in RVO op het energie-arme 
voer kleiner was, en dat een kleiner deel ervan systematiek vertoonde en samenhing 
met de onderhoudsbehoefte per kg3/4. Uit de genetische analyse werd duidelijk dat 
deze verlaagde variatie kon worden toegeschreven aan een kleinere milieu-variantie, 
terwijl de genetische variantie ongeveer hetzelfde was; als gevolg daarvan waren de 
erfelijkheidsgraad en de genetische correlaties hoger op het energie-arme voer. 
Op basis van deze statistische en experimentele resultaten kan worden 
geconcludeerd dat de variatie in RVO voornamelijk wordt veroorzaakt door variatie 
in onderhoudsbehoefte. Kwantitatief gezien zijn de belangrijkste bronnen van die 
variatie: verschillen in activiteit, in de energiebehoefte ten behoeve van 
thermoregulatie, en in basaalstofwisseling. Verschillen in omzetbaarheid van bruto 
voerenergie en verschillen in energieverliezen gekoppeld aan produktie (bijvoorbeeld 
als gevolg van verschillen in ei- of aanzet-samenstelling) spelen een ondergeschikte rol. 
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Omdat de variatie in RVO sterk erfelijk blijkt te zijn, ontstaat de vraag hoe 
deze genetische variatie in netto voer-efficiëntie foktechnisch kan worden benut: de 
bovengenoemde nadelen van directe selectie op VO/EM (de bruto voer-efficiëntie) 
zouden daarmee omzeild kunnen worden. In de afsluitende discussie van dit 
proefschrift wordt uiteengezet dat een selectiecriterium waarin EM, LG en VO 
volgens de klassieke selectie-index-theorie zijn gecombineerd een aanzienlijk deel van 
de selectiedruk legt op VO gecorrigeerd voor EM en LG, en daarmee op RVO. In dat 
geval mag een positieve respons van EM worden verwacht (en van LG, afhankelijk 
van zijn economische waarde), en tevens een vermindering van RVO. Als gevolg 
hiervan zal VO alleen toenemen om de verhoogde produktie mogelijk te maken, en 
dat leidt tot de optimale selectierespons in het bruto inkomen minus de voerkosten. 
De vooruitzichten van opname van voeropname-metingen in de selectiecriteria 
voor de praktische leghennenfokkerij lijken veelbelovend waar het gaat om de 
mogelijke opbrengsten; aan de kostenkant kan eenvoudig gebruik gemaakt worden van 
kosten-reducerende maatregelen (verkorting van de meetduur of verlaging van het 
aantal te meten dieren door in meer stadia te selecteren). De bijbehorende kosten-
baten-analyse is sterk afhankelijk van organisatie-specifieke omstandigheden. Daarom 
kan een algemeen toepasbare evaluatie niet worden gegeven; die dient te worden 
uitgevoerd op het niveau van de individuele fokkerij-organisatie. 
Afgezien van de gunstige gevolgen van een reductie van de voeropname voor 
het gebruik van natuurlijke grondstoffen en voor de mestproduktie is er een aantal 
mogelijke neveneffecten die nadere studie vereisen. Het lijkt erop dat verbetering van 
de voerefficiëntie weinig effect zal hebben op ei- en schaal-kwaliteitskenmerken, maar 
de beschikbare informatie over dat onderwerp is nog altijd schaars. Selectie op een 
lage RVO zal waarschijnlijk leiden tot minder actieve dieren, vermoedelijk vooral met 
betrekking tot stereotiepe gedragspatronen. Dit zou beschouwd kunnen worden als een 
ontwikkeling in de richting van verminderde gevoeligheid voor stress, maar het is ook 
mogelijk dat deze dieren over minder mogelijkheden beschikken om met de stress om 
te gaan die door de intensieve huisvestingssystemen wordt veroorzaakt. Ook op dit 
gebied is meer onderzoek nodig. 
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